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α-Synuclein modulates tau spreading in mouse
brains
Fares Bassil1,2, Emily S. Meymand1, Hannah J. Brown1, Hong Xu1, Timothy O. Cox1, Shankar Pattabhiraman1, Chantal M. Maghames3, Qihui Wu1,
Bin Zhang1, John Q. Trojanowski1, and Virginia M.-Y. Lee1

α-Synuclein (α-syn) and tau aggregates are the neuropathological hallmarks of Parkinson’s disease (PD) and Alzheimer’s
disease (AD), respectively, although both pathologies co-occur in patients with these diseases, suggesting possible crosstalk
between them. To elucidate the interactions of pathological α-syn and tau, we sought to model these interactions. We show
that increased accumulation of tau aggregates occur following simultaneous introduction of α-syn mouse preformed fibrils
(mpffs) and AD lysate–derived tau seeds (AD-tau) both in vitro and in vivo. Interestingly, the absence of endogenous mouse
α-syn in mice reduces the accumulation and spreading of tau, while the absence of tau did not affect the seeding or spreading
capacity of α-syn. These in vivo results are consistent with our in vitro data wherein the presence of tau has no synergistic
effects on α-syn. Our results point to the important role of α-syn as a modulator of tau pathology burden and spreading in the
brains of AD, PDD, and DLB patients.

Introduction
A common feature of neurodegenerative disorders (NDDs) is the
accumulation of unique pathological proteins in the brain, in-
cluding pathological α-synuclein (α-syn) proteins in Lewy bodies
in Parkinson’s disease (PD) and hyperphosphorylated tau (p-tau)
in neurofibrillary tangles in Alzheimer’s disease (AD; Galasko
et al., 1994; Jankovic, 2008; Spillantini and Goedert, 2016).

The simultaneous accumulation of α-syn and p-tau is a
common feature in NDDs. Tau deposition has been described in
synucleinopathies, including familiar and sporadic forms of PD,
PD with dementia, and dementia with Lewy bodies, while α-syn
aggregates have been detected in disorders wherein tau pa-
thology is prominent, such as familial and sporadic AD, Down’s
syndrome, and progressive supranuclear palsy (Arai et al., 2001;
Coughlin et al., 2019; Iseki, 2004; Jellinger and Attems, 2008;
Lippa et al., 1998; Marui et al., 2000). This overlap in patho-
logical protein accumulation is accompanied by overlapping
symptoms in patients with rapid decline in cognition, motor
performance, and shortened lifespan (Hansen et al., 1990; Irwin
et al., 2013, 2017). This clinical and pathological correlation
prompted our interest in elucidating the mechanism of co-
morbid α-syn and tau pathological aggregates in the brains of
Lewy body disease (LBD) patients as well as the effect of one
disease protein on the other.

Prior studies modeling LBD and AD have shown a potential
synergistic relationship between α-syn and tau (Clinton et al.,
2010; Duka et al., 2009; Emmer et al., 2011; Frasier et al., 2005;
Haggerty et al., 2011; Höglinger et al., 2005; Khandelwal et al.,
2010, 2012; Masliah et al., 2001; Masuda-Suzukake et al., 2014;
Morris et al., 2011; Wills et al., 2011). Moreover, data from bi-
genic mice with tau tangles and α-syn Lewy bodies exhibit ex-
acerbated behavioral impairment associated with increases in
pathological α-syn and tau (Clinton et al., 2010; Masliah et al.,
2001). Furthermore, reducing the expression of α-syn in a tau
transgenic (Tg) mouse model and reducing tau expression in
α-syn Tg mouse models failed to decrease pathological levels of
each of these aggregated proteins or the subsequent neurode-
generative effects associated therewith, suggesting that these
proteins might interact while also having the ability to work
independently (Morris et al., 2011). In vitro, α-syn and tau fibrils
have been shown to promote the fibrilization of each other
(Badiola et al., 2011; Giasson et al., 2003; Guo et al., 2013; Lee
et al., 2004). Prior injection studies have shown that α-syn
mouse preformed fibrils (mpffs) generated from recombinant
α-syn are capable of initiating seeding and spreading of α-syn
pathology in the mouse brain (Luk et al., 2016; Rey et al., 2016;
Sharma et al., 2016). Importantly, α-syn has been reproducibly
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shown to promote tau aggregation in a process termed cross-
seeding (Giasson et al., 2003; Guo et al., 2013; Bassil et al., 2020).
On the other hand, tau injections in WT or Tg mice with
amyloid-β (Aβ) plaques failed to induce α-syn pathology (He
et al., 2018). While the results from these published studies
are compelling, the effects of tau and α-syn on each other’s
seeding as well as on cell-to-cell transmission have yet to be
assessed in injection models.

To determine if α-syn and tau copathologies can be recapit-
ulated in animal model systems, we injected α-syn mpffs, en-
riched AD brain-derived tau (AD-tau), or combined AD-tau/
α-syn mpffs into WT mice. We then injected α-syn mpffs in
tauKOmice and AD-tau in α-synKOmice to further elucidate the
effects of each disease protein on the pathogenesis of its coun-
terpart. We hypothesized that the presence of both pathologies
in the brains of LBD and AD patients would significantly po-
tentiate the seeding and spreading of each other.

Results
α-Syn abundance positively correlates with tau burden in PD
patients
Brain samples from PD and non-PD patients with Braak stage 1–2
tau pathology lacking Aβ deposits and therefore no AD pathology
were immunostained for phosphorylated α-syn (p-α-syn) and
p-tau. PD brains showed a significant increase in p-α-syn in the
substantia nigra, pons, thalamus, medulla, and to a lower extent
the hippocampus and entorhinal cortex compared with non-PD
brains (Fig. 1, A–G). For comparison, no p-α-synwas found in non-
PD patient’s brains without AD pathology (Fig. 1, A–G). Impor-
tantly, p-α-syn was accompanied by a significant increase in p-tau
staining in the susbstantia nigra, thalamus, and medulla of PD
patients compared with non-PD patients (Fig. 1, A–G). As ex-
pected, p-tau–positive neurons were found in the hippocampus,
entorhinal cortex, and pons of PD and non-PD Braak stage 1–2
patients (Fig. 1, A–G). These results are consistent with the staging
criteria used. It is noteworthy that the absence of any p-α-syn
staining in the regions positive for p-tau in non-PD patients may
be due to a possible directional interaction between both proteins.

To further assess the relation between α-syn and tau, cor-
relational analyses were done, and they showed that tau pa-
thology in themidbrain and brainstem regions is correlatedwith
the presence of α-syn pathology in PD patients (Fig. 1, G and H).
On the other hand, tau pathology in the hippocampus and en-
torhinal cortex was not correlated with the α-syn load in PD and
non-PD patients (Fig. 1, G and I). Double-labeling immunofluo-
rescence showed that the p-tau–positive signal only appeared in
p-α-syn–positive neurons in the medulla and substantia nigra
of PD patients (Fig. 1, J and L). Colocalization analysis showed a
high percentage of p-tau/p-α-syn signal in the medulla and
substantia nigra (Fig. 1, J–O). In contrast, no colocalization of
p-tau/p-α-syn was found in the hippocampus and entorhinal
cortex of PD patients (Fig. 1, K, M, P, and Q).

α-Syn seeding and spreading under copathology conditions
Previous studies have investigated copathology by characteriz-
ing α-syn and tau pathology in Tg mice or generating bigenic

mice overexpressing tau and α-syn (Clinton et al., 2010; Frasier
et al., 2005; Giasson et al., 2003; Haggerty et al., 2011;
Khandelwal et al., 2012; Morris et al., 2011; Wills et al., 2011). We
thus generated a copathology model based on the injection of
α-syn mpffs and AD-tau into the brains of WT mice and com-
pared them to single injections of AD-tau or α-syn mpffs. We
first assessed the effect of α-syn/tau copathology by comparing
p-α-syn pathology in WT mice injected with α-syn mpffs or a
mixture of AD-tau/α-syn mpffs (Fig. 2).

P-α-syn staining revealed no major differences in the burden
and spreading of α-syn between groups. α-Syn pathology was
primarily found as cytoplasmic p-α-syn–positive inclusions in
the hippocampus, entorhinal cortex, retrosplenial cortex, and
auditory cortex (Fig. 2). P-α-syn staining was also found in
neuritic form primarily in the hippocampus and entorhinal
cortex (Fig. 2). The only significant increase in p-α-syn was
found at 3 mo postinjection (mpi) in the entorhinal cortex of WT
mice injected with AD-tau/α-syn mpffs compared with α-syn
mpff–injected WT mice (Fig. 2, B and G). At 6 mpi, p-α-syn
pathology was quite similar between groups but decreased
in both groups by 9 mpi (Fig. 2, B and G). Importantly, α-syn
spreading was not affected by the presence of tau pathology in
WT mice (Fig. 2 M).

Enhanced seeding and faster pathological spreading of tau
under copathology conditions
While previous seeding studies have mainly focused on the re-
lationship between tau and Aβ plaques in the brain (Bennett
et al., 2017; He et al., 2018), we here assessed the effect of
α-syn copathology on the appearance and spread of the patho-
logical tau burden in the brain of WT mice (Fig. 3).

P-tau pathology burden and spreading were significantly
increased in the presence of α-syn compared with tau injections
alone in WT mice (Fig. 3). Hippocampal p-tau pathology was
significantly increased in the presence of α-syn copathology
compared with single injections of AD-tau (Fig. 3, A, F, and G).
P-tau pathology progressively increased with time in the pres-
ence of α-syn pathology compared with single AD-tau injection
(Fig. 3, A, F, and G). Moreover, in the presence of α-syn, tau
pathology spreading and burden were significantly increased
in the entorhinal cortex, retrosplenial cortex, and supra-
mammillary nucleus marked by the increase in p-tau levels
(Fig. 3, B, C, E, H–K, N, and P). P-tau pathology was significantly
increased at 9 mpi in the auditory/visual cortex in the presence
α-syn copathology (Fig. 3, D, L, and M). Increased p-tau pathology
as early as 3 mpi in AD-tau/α-syn mpff–injected mice was not due
to the persistence of the injected AD-tau material as a function of
decreased clearance, since control experiments showed complete
clearance of AD-tau from WT mouse brains by 1 mpi in AD-tau
and AD-tau/α-syn mpff–injected mice (Fig. S1).

To provide additional reasons to explain the overall increase
in p-tau found in AD-tau/α-syn mpff–injected mice, we quan-
tified the different forms of p-tau pathology present in the
mouse brain. Increased p-tau pathology in α-syn/tau–injected
mice was primarily due to an increase in p-tau–positive neu-
rons, which was observed in the hippocampus and entorhinal
cortex across the different time points (Fig. 3, Q–T). However,
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Figure 1. α-Syn load correlates with tau
burden in the brainstem, but not cortical re-
gions, of patients with PD in the absence of
Aβ. (A–F) Representative images for mAb 81A
p-α-syn and PHF1 p-tau pathology in tissue
sections from the (A) substantia nigra (SN), (B)
pons, (C) medulla, (D) thalamus, (E) hippocam-
pus, and (F) entorhinal cortex (EC) in PD Braak
stage 1–2 and non-PD Braak stage 1–2 patients.
Scale bars, 100 µm. (G) A grouped bar graph
shows a positive association between α-syn and
tau percentage area stained. A two-tailed t test
was performed to calculate the difference be-
tween groups. If the data were not normally
distributed, a Mann–Whitney test was used.
****, P < 0.0001. (H and I) Correlation analysis
between α-syn and tau in the brainstem (H; r =
0.87), hippocampus, and entorhinal cortex (I; r =
0.14). (J–M) IF double labeling was conducted for
p-α-syn (red) and p-tau (green) using 81A and
PHF1, respectively, in the medulla (J), entorhinal
cortex (K), substantia nigra (L), and hippocampus
(M) of PD patients. Scale bar, 40 µm. (N–Q) Per-
centage of p-tau–positive cells that were also
positive for p-α-syn in the medulla (N), substantia
nigra (O), hippocampus (P), and entorhinal cortex
(Q) of PD patients. A two-tailed t test was per-
formed to calculate the difference between
groups; ****, P < 0.0001. Data are presented as
mean ± SEM. All experimental data were quanti-
fied by two blinded scientists.
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Figure 2. P-α-syn pathology varies spatially and temporally after injection of α-syn mpffs and AD-tau–enriched extracts under copathology con-
ditions. (A–D) Representative images for mAb 81A p-α-syn pathology in tissue sections from rostral and caudal hippocampus (A), entorhinal cortex (B),
retrosplenial cortex (C), and auditory cortex (D) of WT mice at 3, 6, or 9 mpi of either α-syn mpffs alone or combined with AD-tau–enriched extracts.
(E–L) Quantification of p-α-syn seen in A–D in the ipsilateral (E) and contralateral (F) hippocampus, ipsilateral (G) and contralateral (H) entorhinal cortex,
ipsilateral (I) and contralateral (J) retrosplenial cortex, and ipsilateral (K) and contralateral (L) auditory cortex. (M) Semiquantitative heat mapping of p-α-syn
pathology (see Materials and methods for details) in WT mice injected with either α-syn mpffs alone or α-syn mpffs combined with human AD-tau–enriched
extracts. A two-tailed t test was performed to calculate the difference between groups; *, P < 0.05. Data are presented as mean ± SEM (n = 5 mice per group).
Scale bar, 100 µm. All experimental data were verified in at least two independent experiments.
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Figure 3. P-tau pathology is enhanced under copathology conditions after injection of AD-tau–enriched extracts combined with α-syn mpffs
compared with AD-tau extracts alone. (A–E) Representative images for AT8 p-tau pathology in tissue sections from the rostral and caudal hippocampus (A),
entorhinal cortex (B), retrosplenial cortex (C), auditory cortex (D), and supramammillary nucleus (E) of WT mice 3, 6, or 9 mpi of either AD-tau–enriched
extracts alone or combined with α-syn mpffs. (F–O) Quantification of p-tau seen in A–E in the ipsilateral (F) and contralateral (G) hippocampus, ipsilateral (H)
and contralateral (I) entorhinal cortex, ipsilateral (J) and contralateral (K) retrosplenial cortex, ipsilateral (L) and contralateral (M) auditory cortex, and ipsilateral
(N) and contralateral (O) supramammillary nucleus. (P) Semiquantitative heat mapping of p-tau pathology in WT mice injected with either human AD-tau
extract alone or combined with α-syn mpffs. (Q–T)Quantification of p-tau–positive neurons in the ipsilateral hippocampus (Q), contralateral hippocampus (R),
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neuritic p-tau pathology was also significantly increased in
α-syn/tau–injected mice compared with AD-tau–injected WT
mice (Fig. 3, F–O). The robust increase in neuritic p-tau was
primarily due to the presence of α-syn pathology, as AD-tau
injections alone did not induce significant neuritic p-tau pa-
thology until later time points (Fig. 3 and Fig. S2 A). Our control
experiments showed that knocking out α-syn (α-synKO) re-
duced the appearance of neuritic p-tau pathology in the α-syn/
tau–injected mice as well as the number of p-tau–positive neu-
rons (Fig. S2 B). Injecting a mix of AD-tau with α-syn monomer
in the WT mice did not recapitulate the neuritic and neuronal
α-syn or neuritic tau pathology observed in the α-syn/tau co-
pathology group, pointing to the importance of the α-syn pa-
thology in inducing the p-tau pathology observed (Fig. S2 C).
Finally, sonication alone is not key to the induction of the neu-
ritic pathology as the analysis of mice coinjected with AD-tau
and α-syn sonicated separately recapitulated the presence of
neuritic tau pathology (Fig. S2 D). Increasing the concentration
of α-syn mpffs injected with AD-tau resulted in a significant
increase in neuritic p-tau pathology alongside the neuronal pa-
thology (Fig. S2 E). Thus, these findings show that α-syn pa-
thology is a strong driver and modulator of tau pathology in
WT mice.

α-Syn and tau pathology manifestation
Based on the results obtained above from PD and non-PD pa-
tients in the Center for Neurodegenerative Disease Research
(CNDR) brain bank, we thought to characterize the α-syn and
tau pathology generated under copathology conditions com-
paredwith single injections inWTmice. The spread of α-syn and
tau did not differ between single-pathology compared with co-
pathology conditions (Fig. 2 and Fig. 3). However, even though
the spreading of tau and α-syn was not altered, we noted a shift
in the spreading of tau pathology accompanied by an increase in
the spreading rate to the connected regions under copathology
(Fig. 3). We then assessed the distribution of p-α-syn and that
of p-tau immunostaining under single-pathology conditions.
P-α-syn pathology was observed in the dentate gyrus and the
cornu ammonis region of the hippocampus, as well as the
auditory cortex, retrosplenial cortex, and entorhinal cortex
(Fig. 2). AD-tau injections led to p-tau–positive neurons in the
mossy cells of the hippocampus in addition to the supra-
mammillary nucleus, auditory cortex, retrosplenial cortex,
and entorhinal cortex (Fig. 3). Under copathology conditions,
both p-α-syn and p-tau pathology manifested in the same way
as single-pathology groups (Fig. S3). Similar to our findings in
the hippocampus and cortex in the human brain (Fig. 1), α-syn
and tau were occasionally found in the same cell in the same
neuronal population. Importantly, both p-α-syn and p-tau
that aggregated in the same neuron were found in different
cell compartments in the brain of AD-tau/α-syn mpff–injected
WT mice (Fig. S3).

In vitro modeling of α-syn and tau copathology
To further confirm the previous in vivo findings, we transduced
WT mouse hippocampal neurons with AD-tau, α-syn mpffs, or
combined AD-tau/α-syn mpffs (Fig. 4). α-Syn mpff transduction
resulted in abundant p-α-syn pathology in WT neurons, while
AD-tau transduction did not lead to p-α-syn pathology (Fig. 4, A,
B, and F). Similar to our in vivo findings, transduction of AD-tau
and α-syn mpffs together did not influence α-syn pathology
burden, as p-α-syn levels were comparable to neurons trans-
duced with α-syn mpffs alone (Fig. 4, A, C, and F), but AD-tau
transduction resulted in a significant increase in insoluble
neuritic tau pathology (Fig. 4, A, B, and E). Unlike the inability of
AD-tau to induce p-α-syn pathology, transduction with α-syn
mpffs resulted in an increase in insoluble tau pathology in
neuronal cell body (Fig. 4, A–D). However, the transduction with
mixed AD-tau/α-syn mpffs resulted in a significant increase in
pathological tau in neuronal perikarya when both groups are
compared (Fig. 4, A–E). We therefore went on to further assess
the ability of tau pathology to be induced by α-syn mpff trans-
duction in vitro (Fig. 4, G–I). Transduction with α-syn mpffs
resulted in the appearance of tau inclusions in neurons that also
were p-α-syn positive (Fig. 4 G). Importantly, immunoelectron
microscopy of tau and α-syn showed that both proteins were
found in close proximity raising the possibility that tau and
α-syn may directly interact with each other (Fig. 4 J). AD-tau/
α-syn mpff transduction induced a significant increase in tau-
positive neurons in vitro that was found either in the same
neuron that is positive for p-α-syn or in neurons that were de-
void of p-α-syn pathology (Fig. 4, H and I). These findings also
point to possible routes through which α-syn can influence tau
pathogenesis indirectly.

α-Syn as a modulator of tau spreading
Prior studies have shown that α-syn can cross-seed tau, leading
to its fibrilization and aggregation (Giasson et al., 2003; Guo
et al., 2013; Castillo-Carranza et al., 2018; Bassil et al., 2020).
To further understand how α-syn influences tau pathogenesis,
we injected AD-tau into the brain of α-synKO mice and com-
pared them to WT littermates.

Consistent with data described above (Fig. 3 and Fig. S2 B),
we observed an overall decrease in p-tau staining in the
α-synKO mice compared with WT littermates (Fig. 5). Quanti-
fication of p-tau in the ipsilateral hippocampus showed no dif-
ferences between groups (Fig. 5, A and F). However, the spread
of p-tau to the contralateral hippocampus was significantly re-
duced in α-synKO mice (Fig. 5, A and G). To compare the dif-
ferences in p-tau transmission and spreading in WT and
α-synKO mice, we quantified p-tau in regions with known
hippocampal connections using a semiquantitative analysis of
pathological p-tau levels in the whole brain (Oh et al., 2014;
Fig. 5). A dramatic decrease in p-tau spreading was observed in
α-synKO mice compared with WT littermates in cortical regions

ipsilateral entorhinal cortex (S), and contralateral entorhinal cortex (T) of mice injected with either human AD-tau–enriched extracts alone or combined with
α-syn mpffs 3, 6, or 9 mpi. A two-tailed t test was performed to calculate the difference between groups; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data are
presented as mean ± SEM (n = 5–6 mouse brains per group). Scale bar, 100 µm. All experimental data were verified in at least two independent experiments.
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Figure 4. In vitro modeling of p-α-syn and p-tau copathology recapitulates in vivo data. (A–I) IF double labeling shows p-α-syn pathology (red) and
increased p-tau pathology (green) in neurons transduced with AD-tau–enriched extracts and α-syn mpffs combined (C, H, and I) compared with α-syn mpffs (A
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connected to the injection site (Fig. 5). Comparison of p-tau in
the entorhinal cortex in α-synKO versus WT mice showed that
in α-synKO mice, there was a significant decrease in p-tau pa-
thology at 3 mpi and 6 mpi in the ipsilateral hemisphere in ad-
dition to a decrease in p-tau pathology levels at 6 mpi and 9 mpi
in the contralateral hemisphere (Fig. 5, B, H, and I). The general
reduction in p-tau levels in the entorhinal cortex of the α-synKO
mice was mirrored by a significant reduction of p-tau–positive
neurons and subsequently neurites in α-synKO mice compared
with WT littermates (Fig. 5, Q–T). Similarly, p-tau levels were
significantly reduced in the retrosplenial cortex of the α-synKO
mice compared with WT littermates at 9 mpi in the ipsilateral
hemisphere and 3mpi and 6mpi in the contralateral hemisphere
(Fig. 5, C, J, and K). Neuritic tau pathology in α-synKO mice was
significantly reduced, and the appearance of such pathology was
delayed until 9 mpi. Similar to our in vivo findings, knockdown
of α-syn inWT neurons resulted in a significant reduction in tau
pathology compared with sham-treated neurons (Fig. 4 K).
Quantification of p-tau in the auditory cortex in α-synKO mice
revealed a significant decrease in p-tau pathology levels in the
ipsilateral hemisphere at 3, 6, and 9 mpi (Fig. 5, D and L).
Similarly, the contralateral hemisphere of α-synKO mice
showed reduced p-tau levels compared with WT littermates
(Fig. 5, D and M). Finally, p-tau levels in the ipsilateral supra-
mammillary nucleus of α-synKO mice were significantly re-
duced at 3 and 6 mpi compared with WT mice (Fig. 5, E and N).
Moreover, p-tau levels were also decreased in the contralateral
hemisphere of the supramammillary nucleus in α-synKOmice at 3
mpi compared with their WT littermates (Fig. 5, E and O). While
p-tau levels were significantly reduced in α-synKO comparedwith
WT mice injected with AD-tau, both groups showed a similar
transmission pattern of tau pathology in the brain (Fig. 5 P). Our
analysis of tau spreading is summarized in a semiquantitative heat
map shown in Fig. 5 P. Hippocampal injections resulted in bilateral
spreading of tau pathology inWTmice as early as 3 mpi while the
absence of α-syn in the α-synKO mice resulted in a delayed ap-
pearance of the pathology to 6 mpi. Importantly, the reduction in
tau spreading in the brain was not due to an overall decrease in
vesicular trafficking or alteration to the neuronal connectivity as
control experiments showed that these two aspects are intact in
α-synKO mice (Fig. S4). Thus, the above findings show that in the
absence of α-syn, there is a reduction in the extent of tau pa-
thology burden, as well as spreading rate.

Tau is not essential for α-syn seeding and spreading
While our data showed that α-syn canmodulate tau spreading in
the brain, we asked whether this interaction is mutual and if tau

can modulate α-syn spreading. To address this question, we
injected α-syn mpffs into the brain of mice without tau (tauKO)
and analyzed α-syn spreading compared with WT littermates
(Fig. 6). Analysis of p-α-syn pathology burden revealed no sig-
nificant differences between WT mice and tauKO mice at the
injection site (Fig. 6, B and C). Similarly, no significant differ-
ences were found in p-α-syn burden in the connected regions at
the different time points analyzed (Fig. 6, D–I). Moreover, the
spreading pattern of α-syn was similar in tauKO mice compared
with WT mice (Fig. 6 J). Finally, p-α-syn staining morphology
was not altered in the absence of tau (Fig. 6 A).

The effect of α-syn, tau, and comorbid pathology on
modulators of phosphorylation
Based on the results obtained, we assessed markers of tau
phosphorylation in the brain of WT mice injected with α-syn
mpffs, AD-tau, or a mixture of AD-tau/α-syn mpffs (Fig. S5 A).
Western blot analysis showed a significant increase in two tau
kinases, p38 MAPK and Cyclin D1, in all three groups compared
with PBS-injected WT mice (Fig. S5, A, B, and D). Interestingly,
CDK5 levels were significantly increased in the AD-tau/α-syn
mpff group compared with PBS-injected WT mice, while CDK5
levels in AD-tau or α-syn mpff–injected mice were similar to
PBS-injected WT mice (Fig. S5, A and C). CamKIIa levels were
increased in AD-tau, α-synmpff, and AD-tau/α-synmpff groups,
albeit the increase was not significant (Fig. S5, A and E). Inter-
estingly, α-synmpff–injected mice showed a significant increase
in protein kinase C (PKC) levels compared with the other
groups, while PKC levels were decreased in combined AD-tau/
α-syn mpff–injected mice (Fig. S5, A and F). GSK-3β levels were
significantly increased in the AD-tau–injected WT mice com-
pared with PBS-injected mice (Fig. S5, A and G). Finally, we
measured levels of PP2α, a tau dephosphorylating enzyme. PP2α is
inhibited when phosphorylated on Tyr307. We thus used anti-
p307-PP2α to measure the activity levels of the dephosphorylating
enzyme. Importantly, p-PP2α levels were significantly increased
in all three injected groups comparedwith the PBS-injected group,
indicating that tau dephosphorylation is decreased after AD-tau,
α-synmpffs, or the combination of AD-tau/α-synmpffs (Fig. S5, A
and H).

The effect of α-syn, tau, and comorbid pathology on protein
clearance
We then set to assess protein clearance mechanism to further
explain the observed results under copathology conditions. Us-
ing Western blot, we assessed the functionality of autophagic
processing, the unfolded protein response (UPR), and the

and G) or AD-tau–enriched extracts (B) alone. Scale bar, 50 µm. P-tau pathology is seen in both α-syn mpff–transduced neurons (G) and after combined
treatment with α-syn mpffs/AD-tau–enriched extracts (H and I); in combined treatment, p-tau pathology can be seen in cells where p-α-syn pathology is
present (H) or absent (I). (G–I) Arrows point to colocalized α-syn and tau pathology in primary neurons while arrowheads point to the presence of tau pa-
thology in the absence of α-syn pathology. Quantification of cell body tau (D), insoluble neuritic tau (E), and p-α-syn (F) pathology seen in A–C. One-way
ANOVA followed by Tukey’s post-hoc analysis was used to analyze the data (three repeats). (J) Immunoelectron microscopy shows tau (arrows) and α-syn
(arrow heads) in proximity. Scale bar, 100 nm. (K and L) IF for insoluble tau (green) of WT mouse neurons treated with human AD-tau–enriched extracts and
either sham shRNA (K) or α-syn shRNA (L). (M) Quantification of p-tau pathology showing a significant reduction in insoluble tau pathology in α-syn shRNA-
treated neurons. A two-tailed t test was performed to calculate the difference between groups; *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Data are presented as
mean ± SEM (n = 6–7 replicates). All experimental data were verified in at least two independent experiments.
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Figure 5. α-Syn expression modulates pathology spread after AD-tau extract injection. (A–E) Representative images for AT8 p-tau pathology in tissue
sections from the rostral and caudal hippocampus (A), entorhinal cortex (B), retrosplenial cortex (C), auditory cortex (D), and supramammillary nucleus (E) of
WT and α-synKO mice 3, 6, or 9 mpi of AD-tau–enriched extracts. Scale bar, 100 µm. (F–O) Quantification of p-tau seen in A–E in the ipsilateral (F) and
contralateral (G) hippocampus, ipsilateral (H) and contralateral (I) entorhinal cortex, ipsilateral (J) and contralateral (K) retrosplenial cortex, ipsilateral (L) and
contralateral (M) auditory cortex, and ipsilateral (N) and contralateral (O) supramammillary nucleus. A two-tailed t test was performed to calculate the dif-
ference between groups; *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Data are presented as mean ± SEM (n = 5–9 mice per group). (P) Semiquantitative heat
mapping of p-tau pathology in WT and α-synKO mice injected with human AD-tau–enriched extracts. (Q–T) Quantification of p-tau–positive neurons in the
ipsilateral hippocampus (Q), contralateral hippocampus (R), ipsilateral entorhinal cortex (S), and contralateral entorhinal cortex (T) of WT and α-synKO mice
injected with human AD-tau extract 3, 6, or 9 mpi. A two-tailed t test was performed to calculate the difference between groups; *, P < 0.05; **, P < 0.01. Data
are presented as mean ± SEM (n = 5–6 mice per group). All experimental data were verified in at least two independent experiments.
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Figure 6. Tau expression is not required for α-syn pathology spread after mpff brain injections. (A) Representative images for p-α-syn pathology in
tissue sections from the rostral, caudal, and CA1 region of the hippocampus, entorhinal cortex, retrosplenial cortex, and auditory cortex of WT and tauKO mice
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ubiquitin proteasome system in the presence of tau and/or α-syn
pathology (Fig. S5 I). Compared with PBS-injected WT mice, all
three injected groups showed a significant increase in P62 in the
insoluble fraction, indicating the impairment of proteostasis
(Fig. S5, I and J). Ubiquitin levels were also increased in the in-
soluble fraction of all three injected groups compared with PBS-
injected WT mice (Fig. S5, I and K). We thus measured K48- and
K63-linked polyubiquitin chains level to assess proteasomal
degradation under α-syn/tau copathology conditions (Fig. S5, I,
L, and M). K48-linked polyubiquitin levels were significantly
increased under α-syn/tau copathology conditions compared
with PBS-injected WT mice (Fig. S5, I and L). Moreover, K63-
linked polyubiquitin levels were significantly increased in the
presence of α-syn pathology or combined α-syn/tau copathology
conditions, indicating that proteostasis is impaired in the pres-
ence of α-syn pathology and exacerbated under copathology
conditions (Fig. S5, I and M). Impaired autophagy was also
confirmed by measuring protein clearance, as LC3-2 levels were
significantly increased in the presence of tau, α-syn, or α-syn/
tau copathology (Fig. S5, I and N). The endoplasmic reticulum
stress markers binding Ig protein (BIP) and eIF2a were signifi-
cantly increased in all groups compared with PBS-injected WT
mice (Fig. S5, I, O, and P).

The effect of α-syn, tau, and comorbid pathology on cell
viability markers
To further dissect the mechanism by which α-syn and tau pa-
thology affect the brain, we measured cell viability markers in
our seeding model (Fig. S5 Q). No significant neuronal loss was
observed between all groups by measuring NeuN-positive cells
(Fig. S5, Q and R). Interestingly, neurofilament light chain (NFL)
was significantly reduced in mice injected with AD-tau/α-syn
mpffs compared with PBS-injected WT mice (Fig. S5, Q and S),
while tubulin βIII levels were significantly decreased in all three
injected groups compared with the PBS-injected group (Fig. S5,
Q and T). We then measured the synaptic markers synapsin,
synaptophysin, and PSD-95 and found a significant reduction in
synaptophysin and PSD-95 levels in the brain of WT mice in-
jected with AD-tau, α-syn mpffs, or AD-tau/α-syn mpffs com-
pared with PBS-injected WT mice (Fig. S5, Q and U–W).
Synapsin levels were not affected by injection of AD-tau, α-syn
mpffs, or AD-tau/α-syn mpffs (Fig. S5, Q and V).

Discussion
Studies assessing copathology in NDDs have primarily focused
on postmortem human brain characterization pointing to the
importance of understanding how copathology affects the
pathogenesis of amyloidogenic proteins (Colom-Cadena et al.,
2013; Coughlin et al., 2019; Irwin et al., 2017; Lashley et al.,
2008; Robinson et al., 2018; Toledo et al., 2016). To that end,

the in vitro and in vivo studies described here have aimed at
modeling copathology to further our understanding of the effect of
amyloidogenic proteins on each other in NDDs (Bachhuber et al.,
2015; Badiola et al., 2011; Castillo-Carranza et al., 2018; Clinton
et al., 2010; Giasson et al., 2003; Guo et al., 2013; Haggerty et al.,
2011; He et al., 2018; Lee et al., 2004; Masliah et al., 2001; Morris
et al., 2011; Ono et al., 2012; Roberts et al., 2017; Sengupta et al.,
2015; Tsigelny et al., 2008; Wills et al., 2011). In this study, we
sought to characterize α-syn/tau copathology conditions in the
human brain and then to model the interaction of α-syn and tau
using in vivo injection as well as in vitro transduction models.

Neuropathological data obtained from PD and non-PD donors
in the CNDR brain bank showed a strong association between
α-syn and tau pathology burden in the human neurodegenera-
tive disease brain. Briefly, patients with Braak stage 1–2 neu-
rofibrillary tau pathology were selected in this study and then
subdivided into primary Lewy body PD versus non-PD groups.
We excluded AD brains and brains with Aβ deposits as a con-
founding factor by selecting patients with no Aβ plaque staining
in the brain. Our analyses showed that the primary sites of α-syn
pathology such as the midbrain also had p-tau in PD patients,
while p-tau–rich sites in non-PD patients such as the cortex did
not show any α-syn pathology. Importantly, we also demon-
strate that α-syn– and tau-positive inclusions in the midbrain
were almost always found in the same cells, while in the cortex,
they were found in different neurons.

To model α-syn and tau copathology in vivo, we injected
α-syn mpffs, AD-tau, or the mixture of α-syn mpffs and AD-tau
into the brains ofWTmice and followed them for 3, 6, and 9mpi.
We then extended these studies by injecting α-synmpffs into the
brains of tauKO mice and AD-tau into the brains of α-synKO
mice, thereby assessing the effect of each protein on the
spreading of the other. First, we assessed α-syn pathology in the
brains of WT mice injected with α-syn mpffs and mice injected
with α-syn mpffs combined with AD-tau by quantifying the
surface area occupied by p-α-syn in different brain regions. The
p-α-syn load was similar in the hippocampus of both groups
across the different time points. As expected, we observed α-syn
pathology in brain areas known to be directly connected with
the hippocampus in WT mice (Oh et al., 2014). At 3 mpi, a sig-
nificant increase in p-α-syn was observed in the entorhinal
cortex of mice injected with AD-tau/α-syn mpffs compared with
α-syn mpff–injected WT mice. The p-α-syn burden was similar
between groups at 6 and 9 mpi in the entorhinal cortex and
across time points in all connected structures. Importantly,
under tau/α-syn copathology conditions, the p-α-syn spreading
rate and pattern was not different from α-syn mpff–injectedWT
mice. Consistent with the in vivo results, combined transduction
of AD-tau/α-syn mpffs or α-syn mpffs alone in WT hippocampal
neurons showed similar amounts of p-α-syn–positive neuro-
nal and neuritic pathology. To further assess the relationship

at 3, 6, or 9 mpi of α-syn mpffs. Scale bars, 100 µm. (B–I) Quantification of p-α-syn seen in A in the ipsilateral (B) and contralateral (C) hippocampus, ipsilateral
(D) and contralateral (E) retrosplenial cortex, ipsilateral (F) and contralateral (G) auditory cortex, and ipsilateral (H) and contralateral (I) entorhinal cortex. A
two-tailed t test was performed to calculate the difference between groups. Data are presented as mean ± SEM. (J) Semiquantitative heat mapping of p-α-syn
pathology in WT and tauKO mice injected with α-syn mpffs (n = 4–7 mice per group). All experimental data verified in at least two independent experiments.
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between α-syn and tau, we compared p-α-syn burden and
spreading in tauKO mice and WT littermates. P-α-syn burden
was similar in the hippocampus and the connected regions in
tauKO and WT mice. Finally, α-syn pathology manifested as
neuritic and neuronal inclusions in the presence of p-tau pa-
thology and in the absence of tau, indicating that tau is not es-
sential or required for the formation of α-syn pathology in the
brain. Thus, based on the data presented above, we conclude
that pathological α-syn is capable of seeding and recruiting en-
dogenous α-syn to form aggregates in the brain independently of
tau. Our results are in agreement with previous published work
pointing to the ineffectiveness of tau in inducing α-syn pathol-
ogy (Badiola et al., 2011; Nonaka et al., 2010). Interestingly,
knocking out tau in a α-syn Tg mice did not reverse or rescue
α-syn–related motor deficits and toxicity, indicating that α-syn
acts independently to confer its toxicity (Morris et al., 2011).

Contrary to α-syn, p-tau burden was significantly increased
in the hippocampus of WT mice injected with combined AD-
tau/α-syn mpffs compared with AD-tau–injected WT mice.
Increased p-tau was also observed in brain regions connected to
the hippocampus, including the entorhinal cortex, contralateral
hippocampus, auditory cortex, and supramammillary nucleus.
Our findings strongly corroborate the previously reported inter-
actions between tau and α-syn pathologies (Badiola et al., 2011;
Clinton et al., 2010; Gerson et al., 2018; Giasson et al., 2003; Guo
et al., 2013; Kaul et al., 2011; Sengupta et al., 2015). Differences in
tau burden in connected structures were significant at early time
points. At later time points, tau burden was similar between
groups, possibly due to the slower rate of p-tau pathology for-
mation in AD-tau–injected mice (Guo et al., 2016; Narasimhan
et al., 2017), the clearance of tau or other proteins, or cell loss.
Our results point to the ability of α-syn to modulate tau burden by
influencing the rate of tau spreading.

To further assess the modulatory effects of α-syn on tau
pathology, we injected AD-tau into the brains of α-synKO and
WT mice and showed that tau pathology in α-synKO mice was
significantly decreased in several brain regions. However, at the
injection site, p-tau levels were similar between α-synKO and
WT mice, pointing to the ability of AD-tau to seed pathology in
the absence of α-syn. Importantly, in vitro data show that α-syn
knockdown in WT neurons efficiently reduces insoluble tau
accumulation by limiting either seeding or spreading. In vivo,
p-tau burdenwas significantly decreased in α-synKOmice in the
entorhinal cortex, retrosplenial cortex, auditory cortex, and
supramammillary nucleus. At 3 and 6 mpi, the p-tau burden was
lower in α-synKO mice which showed a relative increase in
p-tau staining at 9 mpi. Interestingly, when comparing p-tau
levels between time points, we noticed a delay in the time
when the p-tau burden peaked in the hippocampal connected
structures of α-synKO mice compared with WT littermates. To
control for possible confounds from the knockout of α-syn in
mice, our experiments showed that neuronal vesicular traf-
ficking, activity, and connectivity are intact in the absence α-syn
in mice.

In vivo seeding studies have previously identified neuronal
populations that are susceptible to tau and α-syn accumulation
in the brain (Guo et al., 2016; Narasimhan et al., 2017; He et al.,

2018; Luna et al., 2018; Robinson et al., 2018; Bassil et al., 2020).
Under copathology conditions, neither the appearance nor cel-
lular localization of α-syn and tau neuronal pathology was
influenced by the presence of each other. However, neuritic tau
pathology was modulated by the presence α-syn pathology, as it
was increased in the presence of p-α-syn pathology and signif-
icantly reduced in α-synKO mice.

Proteinaceous hallmarks of NDDs commonly adopt β-pleated
sheet conformations that have been shown to cross-seed, tem-
plate, and promote the fibrilization of one another (Giasson
et al., 2003; Guo et al., 2013; Mandal et al., 2006; Ono et al.,
2012; Tsigelny et al., 2008). Indirect interaction of α-syn and
tau has also been described in the literature through destabi-
lization of microtubules or kinase-dependent mechanisms
(Carnwath et al., 2018; Li et al., 2016; Moussaud et al., 2014).
Indeed, α-syn can induce tau pathology through the destabili-
zation of tubulin and its interaction with tau, which results in
both tau aggregation and cytoskeleton disorganization (Esposito
et al., 2007; Wersinger and Sidhu, 2005). Unbound, destabilized
tau is then phosphorylated and aggregated due to the increase in
kinase activity in response to α-syn pathology and increase
concentration of unbound tau in the cytosol (Moussaud et al.,
2014).

Tau hyperphosphorylation induced by α-syn aggregates has
been demonstrated in several studies and could be a mechanism
that explains how α-syn triggers tauopathy. Tau has been found
to be hyperphosphorylated in α-syn–overexpressing Tg mice.
Interestingly, tau hyperphosphorylation was coupled to an in-
crease in both ERK and JNK, known tau kinases that phos-
phorylate tau at S396 and S404 (Frasier et al., 2005; Kaul et al.,
2011; Oaks et al., 2013). In vitro, α-syn promotes tau phospho-
rylation at S262 and S356 residues via protein kinase A (Jensen
et al., 1999). Another tau kinase, GSK3β, is known to be activa-
ted in an α-syn–dependent manner, leading to tau hyper-
phosphorylation at T181, S396, and S404 (Duka et al., 2006,
2009; Kawakami et al., 2011). GSK3β inhibition was able to
rescue cell death and decrease α-syn and tau phosphorylation
(Duka et al., 2009). Moreover, our in vivo data are in line with
the literature, as α-syn mpff–injected WT mice showed an in-
crease in several tau phosphorylating kinases in addition to a
reduction in tau dephosphorylation, leading to a significant in-
crease in tau pathology in the brain. Moreover, our in vitro data
are also in line with the literature, as α-syn mpff–transduced
hippocampal neurons induced insoluble tau aggregates, which
were localized in p-α-syn–positive neurons. Indeed, immuno-
electron microscopy showed that insoluble α-syn and tau are in
proximity, suggesting the possibility of cross-seeding. Interest-
ingly, other studies have shown that the 14–3-3 cochaperone
protein, known to bind to tau, shares a region of homology with
α-syn. It is thus proposed that α-syn may be able to substitute
14–3-3 cochaperone activity on tau (Chen et al., 2019; Ostrerova
et al., 1999).

Other potential routes through which α-syn and tau can in-
fluence each other would be through the autophagy–lysosomal
pathway, proteostasis, or the UPR, systems that are known to
mediate the clearance of these proteins in the brain (Bassil et al.,
2020; Deleidi and Maetzler, 2012; Liu et al., 2016; Tan et al.,
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2008; Tanik et al., 2013; Yu et al., 2019). We have previously
shown that the ubiquitin–proteasome system, autophagy, and
the UPR are altered in the presence of α-syn/Aβ plaque copa-
thology (Bassil et al., 2020). Our data point to an alteration of the
ubiquitin–proteasome system marked by the increase of ubiq-
uitin, K48, and K63 polyubiquitin chains under α-syn/tau co-
pathology. Interestingly, autophagy was impaired in the
presence of tau, α-syn, and α-syn/tau copathology marked by
the increase in LC3 -2 and P62. The observation that AD-tau
pathology is accelerated and amplified in the presence of α-syn
pathology might be due to the ability of α-syn to compromise
protein clearance, resulting in the enhancement of tau seeding
and spreading. While the results in Fig. S5 point to a potential
indirect interaction between α-syn and tau, we remain cautious
about interpreting it, as some variability was found in some of
the groups. The data reported were underpowered due to the
unforeseen COVID-19 shutdown of our laboratory. Future
studies should focus on dissecting the interaction of α-syn and
tau in the brain by further characterizing the pathways we
show in this study.

Moreover, combined AD-tau/α-syn transduction resulted in
the appearance of insoluble tau aggregates in p-α-syn–positive
and negative neurons compared with AD-tau that rarely induced
tau pathology in cell bodies and primarily showed staining in
neurites. The results summarized above provide evidence of
both direct and indirect routes through which α-syn and tau can
interact in the brain. Importantly, our results support the view
that α-syn facilitates and promotes tau aggregation as well as
modulates the spreading of pathological tau in the brain. The
models described here will not only provide novel systems for
developing further understanding of the mechanisms through
which tau pathogenesis occurs in synucleinopathies, but also
help clarify the role of α-syn as a potentiator of tau pathology
spreading in NDDs.

Materials and methods
Mice
C57BL6 mice were purchased from Charles River, while tauKO
mice were purchased from Jackson Laboratory. α-SynKO mice
were bred in-house and maintained on a C57BL6 background
(Abeliovich et al., 2000). WT controls for studies involving
tauKO and α-synKO mice were littermates. For all studies, fe-
male mice were used and were allocated randomly between
injection groups while correcting for body weight. Ex-
perimenters were blinded to the genotype/treatment of each
mouse during data collection, and identities were decoded later
after analysis using an identification numbering system based
on toe tattooing. All procedures were performed in accordance
with the National Institutess of Health Guide for the Care and Use
of Experimental Animals. Studies were approved by the Insti-
tutional Animal Care and Use Committee of the University of
Pennsylvania.

Human patient sample studies
Detailed clinical characteristics (e.g., disease duration, age at
death, and site of onset) were ascertained from a CNDR

Integrated Neurodegenerative Disease Database at the Uni-
versity of Pennsylvania (Xie et al., 2011). Frozen postmortem
brain samples were obtained from patient brain donors who
underwent autopsy at CNDR between 1992 and 2017. More
details on these patients are in Table S1. Mean age was similar
between groups (non-PD, 68.9 ± 1.4 yr; PD, 74.13 ± 1.41 yr).
Written informed consent for autopsy and analysis of tissue
sample data was obtained for all patients as described previ-
ously (Toledo et al., 2016). Samples were obtained with the
University of Pennsylvania’s ethics committee approval. Neu-
ropathology assessments were conducted as described else-
where (Robinson et al., 2018; Toledo et al., 2016).

α-Syn mpffs
Purification of recombinant α-syn and generation of α-synmpffs
was conducted as described previously (Luk et al., 2012; Volpicelli-
Daley et al., 2014).

Primary neuron culture and transduction of AD paired helical
filaments (PHFs) and α-syn mpffs
Primary neuron culture was done as previously described (Guo
et al., 2016). Briefly, hippocampi were dissected from embryos of
CD1 mice at days 16–18. Neurons were plated at 0 d in vitro
(DIV0) in the plating medium (neural basal with 2% B27 [Gibco],
1× Glutamax [Gibco], 1× penicillin/streptomycin, and 5% of FBS)
at 50,000 cells/cm2. At DIV1, the plating medium was replaced
with culture medium (neural basal with 2% B27 [Gibco], 1×
Glutamax [Gibco], and 1× penicillin/streptomycin). Old medium
was replaced with conditioned medium containing 1:1 ratio of
old and fresh medium at DIV7 before transduction. AD PHFs or
α-syn mpffs were diluted in PBS buffer and added onto the
neurons with a dose of 0.5 µg/well (24-well plates) or 50 ng/well
(96-well plates) for 14 d until DIV21.

Transfection of lentiviral shRNAs
Lentiviral shRNAs (Sigma-Aldrich) were thawed on ice and di-
luted in fresh medium and added onto the cells at DIV2. The 2.5
multiplicity of infection for both sham control (Sigma-Aldrich;
SHC002) and syn-shRNAs (Sigma-Aldrich; SCHLNV-01201610MN;
TRCN0000366590) was used based on the multiplicity of infection
titration. At DIV3, the medium was replaced with fresh culture
medium. Cells were transduced with AD PHFs or α-syn mpffs at
DIV7 for 14 d and fixed at DIV21.

Immunocytochemistry
For 24-well plates, cells were fixed with cold methanol at −20°C
for 20 min. For 96-well plates, cells were extracted with 1%
hexadecyltrimethylammonium bromide (HDTA; Sigma-Aldrich)
for 10 min followed by 10 min of fixation with 4% paraformal-
dehyde and sucrose. HDTA will destroy the cytoskeleton struc-
ture of cells, so for NFL and 9027 antibody staining, cells are first
fixed with 4% paraformaldehyde and sucrose and then per-
meabilized using 0.1% Triton-X100 for 10 min. Cells were
blocked with 3% BSA and FBS for 1 h and incubated with primary
antibodies at 4°C overnight. Alexa Flour–conjugated secondary
antibodies were incubated for 2 h. The images were taken using
a fluorescent microscope (Nikon; Eclipse Ni) and quantified by
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ImageJ software for 24-well plates. For 96-well plates, the images
were taken by a scanner (GE Healthcare; In Cell Analyzer 2200)
and analyzed by the In Cell Toolbox Software (GE Healthcare).

Protocol for FM 4–64 uptake in neurons
Primary hippocampal neurons were prepared from E16-18 WT
and α-synKO mice. On DIV12–DIV14, 5 mM FM 4–64 dye
(Thermo Fisher Scientific) was diffused in neurobasal culture
media and loaded into hippocampal neurons at incubator (37°C)
for 10min. After loading, extra dyewaswashed twice with culture
media. After the final wash, neurons were refed with phenol-free
culturemedia for imaging. Images were acquiredwith an inverted
epifluorescence microscope Leica DMI6000 (Leica Microsystems)
using a 63× (1.4 NA) oil-immersion objective. The imaging system
was controlled by an integrated imaging software package (Leica
Microsystems; Leica LAS AF software, Leica Application Suite
Advance Fluorescence, version 3.3).

Biochemical sequential extraction of tau from human brain
Two sporadic AD brains with abundant tau pathology and two
normal control brains were used in this study (Table S2). All
cases used were histologically confirmed (Robinson et al., 2018).
For each purification, 6–14 g of frontal cortical gray matter was
homogenized in 9 vol (vol/wt) of high-salt buffer (10 mM Tris,
pH 7.4, 0.8 MNaCl, 1 mM EDTA, and 2 mM dithiothreitol, with a
protease inhibitor cocktail including phosphatase inhibitors and
phenylmethylsulfonyl fluoride together with 0.1% sarkosyl, and
10% sucrose) followed by centrifugation at 10,000 g for 10min at
4°C. Pellets were reextracted once or twice using the same buffer
conditions as the starting materials and the supernatants from
all two to three initial extractions were filtered and pooled.
Additional sarkosyl was added to the pooled low-speed super-
natant to reach 1%. Following 1 h rotation at room temperature,
samples were centrifuged again at 300,000 g for 60 min at 4°C.
The resulting 1% sarkosyl-insoluble pellets, which contain
pathological tau, were washed once in PBS and then re-
suspended in PBS (∼100 µl/g gray matter) by passing through
27G 1/2 inch needles. The resuspended sarkosyl-insoluble pellets
were further purified by a brief sonication (20 pulses at ∼0.5 s/
pulse) using a hand-held probe (QSonica) followed by centrifu-
gation at 100,000 g for 30 min at 4°C, whereby the majority of
protein contaminants were partitioned into the supernatant while
60–70% of tau remained in the pellet fractions. The pellets were
resuspended in PBS at one half to one fifth of the precentrifugation
volume, sonicated with 20–60 short pulses (∼0.5 s/pulse), and
spun at 10,000 g for 30 min at 4°C to remove debris. The final
supernatants, which contained enriched AD PHFs, were used in
this study and referred to as “AD-tau.” The same purification
protocol was used to prepare brain extracts from the two normal
controls that lacked any significant AD-tau. The total protein
concentration of final supernatant fraction was analyzed by bi-
cinchoninic acid assay (Thermo Fisher Scientific), tau, Aβ 1–40, Aβ
1–42 and α-syn concentrations were estimated by ELISA.

Stereotaxic injections
Mice were deeply anesthetized with ketamine–xylazine–
acepromazine and immobilized in a stereotaxic frame (David

Kopf Instruments) as described elsewhere (Guo et al., 2013; Luk
et al., 2012; Peng et al., 2018). Briefly, all mice were aseptically
injected unilaterally at a rate of 0.4 µl/min using a Hamilton sy-
ringe with either human AD-tau brain extracts (0.4 ug/µl/site,
2 µg total; see Table S2), synthetic α-syn mpffs (0.4 µg/µl/site,
2 µg total; or 2 µg/µl/site, 5 µg total), or PBS into the right dorsal
hippocampus followed by the overlying cortex as the needle was
withdrawn (bregma: −2.5 mm; lateral: +2 mm; depth: −2.4 mm
and −1.4 mm from the skull).

Tissue processing
After survival for designated time points, mice were anesthe-
tized and then transcardially perfused with cold PBS containing
heparin (1,000; USP per 1 ml) using a (1:100) dilution. Brain and
spinal cord were dissected and fixed overnight in 70% ethanol in
150 mM NaCl, pH 7.4, for histopathology or were first snap
frozen on dry ice and then stored at −80°C for biochemistry as
described previously (Peng et al., 2018).

Western blot on mouse brain tissue
Protein concentrations for HS and Pellet fractions were deter-
mined using a bicinchoninic acid assay (Thermo Fisher Scien-
tific; catalog no. 23223 and 23224) using bovine serum albumin
as a standard (Thermo Fisher Scientific; catalog no. 23210).
Samples were normalized for total protein content and prepared
for Western blot analysis. Samples (20 µg total protein) were
separated on SDS-polyacrylamide gels (12% unless otherwise
indicated) and transferred onto 0.22-µm nitrocellulose mem-
branes. Blots were blocked in Blocking Buffer for Fluorescent
Western Blotting (Rockland) diluted 1:1 in TBS, probed with
several antibodies (see Table S3), and incubated overnight at
4°C. The blots were further incubated with the IRDye-labeled
secondary antibodies IRDye 800 (925–32210; Li-Cor Biosciences)
or IRDye 680 (925–68071; Li-Cor Biosciences) for 1 h at room
temperature and scanned using Li-Cor Odyssey Imaging System.
After target antigens were detected, the ODs were measured
with Image Studio software (Li-Cor Biosciences). Proteins were
normalized to β-tubulin (Abcam; 1:1,000), which was used as a
loading control.

Histopathological analysis and immunofluorescence
(IF) labeling
Brains from mice or human tissue that had been fixed in 70%
ethanol in 150 mM NaCl, pH 7.4, were subsequently processed
into paraffin-embedded blocks and sectioned at 6-µm thick
sections for immunohistochemistry (IHC) or IF using a large
panel ofmAbs and polyclonal antibodies (see Table S3) diluted in
an incubation buffer (0.1 M Tris/2% FBS, pH 7.6) as described
previously (He et al., 2018; Luk et al., 2012, 2016). IHC sections
were scanned with a 3DHISTECH Laminar Scanner (Perkin El-
mer), and quantification of the percentage area occupied by
different IHC-labeled pathologies was performed with HALO
software (Indica Labs) as previously described (Guo et al., 2013;
Irwin et al., 2017; Luk et al., 2012, 2016; Peng et al., 2018).

For IF labeling, sections were incubated with Alexa Fluor–
conjugated secondary antibodies (Invitrogen; 1:1,000) after
probing the sections with specific primary antibodies. After 1-h
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incubation with secondary antibodies, sections were washed
and immersed in 0.3% Sudan Black in 70% ethanol for 1 min to
reduce background lipofuscin autofluorescence in the human
brain sections. After thorough washing in 0.1 M Tris, pH 7.6,
slides were mounted in medium containing nuclei-staining
DAPI (Thermo Fisher Scientific). Slides were visualized by
using a Zeiss Axioplan 2 epifluorescent microscope at ×40
magnification.

Statistical analysis
The number of samples or animals analyzed in each experiment,
the statistical analysis performed, as well as the P values for all
results are reported in the figure legends. For all in vivo ex-
periments, n represents the number of animals used. The data
were first tested for normality using a D’Agostino–Pearson test.
For comparison between two groups, a t test was applied. A one-
way ANOVA was used when multiple groups were compared
with one variable followed by Tukey’s multiple comparison test.
If the data did not pass normality, then a Kruskal–Wallis test was
used followed by Dunn’s multiple comparison test. A two-way
ANOVA was applied to compare values between the PBS- and
AD-injected groups of mice followed by Tukey’s multiple com-
parison test. Spearman’s correlation was used on the human
data presented here. Statistical analysis was performed with
Prism V6.0 software (GraphPad Software). Data are presented as
mean ± SEM. Statistical tests were two tailed, and the level of
significance was set at P < 0.05.

Online supplemental material
Fig. S1 is a control experiment showing that clearance of the AD-
tau is not affected by α-syn presence. Fig. S2 presents evidence
linking the p-tau neuritic pathology to α-syn presence and pa-
thology burden. Fig. S3 models the localization of α-syn and tau
pathology in the mouse brain. Fig. S4 is a control experiment
showing that KO of α-syn does not influence vesicular traf-
ficking, neuronal uptake, or connectivity. Fig. S5 shows analysis
of the effect of α-syn, tau, and combined pathology on modu-
lators of phosphorylation, protein clearance, and cell viability
markers. Table S1 shows the demographics of the human cases
used in this study. Table S2 provides information on the AD
cases used for the injection of AD-tau in mice. Table S3 provides
information on all antibodies used in this study.
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Synuclein and its disease-related mutants interact differentially with
the microtubule protein tau and associate with the actin cytoskeleton.
Neurobiol. Dis. 26:521–531. https://doi.org/10.1016/j.nbd.2007.01.014

Frasier, M., M. Walzer, L. McCarthy, D. Magnuson, J.M. Lee, C. Haas, P.
Kahle, and B. Wolozin. 2005. Tau phosphorylation increases in symp-
tomatic mice overexpressing A30P alpha-synuclein. Exp. Neurol. 192:
274–287. https://doi.org/10.1016/j.expneurol.2004.07.016

Galasko, D., L.A. Hansen, R. Katzman, W. Wiederholt, E. Masliah, R. Terry,
L.R. Hill, P. Lessin, and L.J. Thal. 1994. Clinical-neuropathological cor-
relations in Alzheimer’s disease and related dementias. Arch. Neurol. 51:
888–895. https://doi.org/10.1001/archneur.1994.00540210060013

Gerson, J.E., K.M. Farmer, N. Henson, D.L. Castillo-Carranza, M. Carretero
Murillo, U. Sengupta, A. Barrett, and R. Kayed. 2018. Tau oligomers
mediate α-synuclein toxicity and can be targeted by immunotherapy.
Mol. Neurodegener. 13:13. https://doi.org/10.1186/s13024-018-0245-9

Giasson, B.I., M.S. Forman, M. Higuchi, L.I. Golbe, C.L. Graves, P.T. Kotzba-
uer, J.Q. Trojanowski, and V.M. Lee. 2003. Initiation and synergistic
fibrillization of tau and alpha-synuclein. Science. 300:636–640. https://
doi.org/10.1126/science.1082324

Guo, J.L., D.J. Covell, J.P. Daniels, M. Iba, A. Stieber, B. Zhang, D.M. Riddle,
L.K. Kwong, Y. Xu, J.Q. Trojanowski, and V.M. Lee. 2013. Distinct
α-synuclein strains differentially promote tau inclusions in neurons.
Cell. 154:103–117. https://doi.org/10.1016/j.cell.2013.05.057

Guo, J.L., S. Narasimhan, L. Changolkar, Z. He, A. Stieber, B. Zhang, R.J.
Gathagan, M. Iba, J.D. McBride, J.Q. Trojanowski, and V.M. Lee. 2016.
Unique pathological tau conformers from Alzheimer’s brains transmit
tau pathology in nontransgenic mice. J. Exp. Med. 213:2635–2654.
https://doi.org/10.1084/jem.20160833

Haggerty, T., J. Credle, O. Rodriguez, J. Wills, A.W. Oaks, E. Masliah, and A.
Sidhu. 2011. Hyperphosphorylated Tau in an α-synuclein-over-
expressing transgenic model of Parkinson’s disease. Eur. J. Neurosci. 33:
1598–1610. https://doi.org/10.1111/j.1460-9568.2011.07660.x

Hansen, L., D. Salmon, D. Galasko, E. Masliah, R. Katzman, R. DeTeresa, L.
Thal, M.M. Pay, R. Hofstetter, M. Klauber, et al. 1990. The Lewy body
variant of Alzheimer’s disease: a clinical and pathologic entity. Neu-
rology. 40:1–8. https://doi.org/10.1212/WNL.40.1.1

He, Z., J.L. Guo, J.D. McBride, S. Narasimhan, H. Kim, L. Changolkar, B.
Zhang, R.J. Gathagan, C. Yue, C. Dengler, et al. 2018. Amyloid-β plaques
enhance Alzheimer’s brain tau-seeded pathologies by facilitating neu-
ritic plaque tau aggregation. Nat. Med. 24:29–38. https://doi.org/10
.1038/nm.4443
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Supplemental material

Figure S1. Clearance of injected AD p-tau from the brain is not affected by the presence of α-syn mpffs. (A and B) Hippocampal sections of WT mice
injected with either human AD-tau–enriched extracts alone or combined with α-syn mpffs stained for either human total tau (A) or AD brain-derived p-tau (B)
5, 10, or 30 d after injection. Scale bar, 100 µm. All experimental data were verified in at least two independent experiments.
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Figure S2. Neuritic p-tau pathology is modulated by the presence of α-syn. (A–E) P-tau staining 3 mpi in the hippocampus, auditory cortex, and en-
torhinal cortex (A) injected with either human AD-tau–enriched extracts alone or combined with α-syn mpffs (0.4 mg/ml) in WT and α-synKO mice, (B) mice
injected with either human AD-tau–enriched extracts alone or combined with α-syn mpffs (0.4 mg/ml) as well as WT mice injected with human AD-
tau–enriched extracts plus α-syn monomers (C), human AD-tau–enriched extracts, and α-syn mpffs injected after separate sonication (D), or human
AD-tau–enriched extracts and a higher concentration of α-syn mpffs (2 mg/ml; E). Scale bar, 100 µm. All experimental data were verified in at least two
independent experiments.
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Figure S3. α-Syn and tau pathology are rarely localized in the same neuron. (A–D) Immunofluorescence staining showing rare colocalization of p-α-syn
(red) and p-tau (green) in the hippocampus (A and B) and entorhinal cortex (C and D). (E–L) Representative images of select magnified areas from the
hippocampus (E–H) and entorhinal cortex (I–L) showing α-syn and tau localization in different compartments of the same cell (see boxed portions of the
images) and enlargements of these boxed images along the righthand margin of the main figures. Scale bar, 100 µm. All experimental data were verified in at
least two independent experiments.
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Figure S4. α-Syn knockout does not affect vesicular trafficking, neuronal uptake, or connectivity. (A and B) WT (A) and α-synKO (B) mouse neurons
treated with FM 4–64 (red dye). Scale bar, 20 µm. (C)Quantification of FM 4–64 uptake. A two-tailed t test was performed to calculate the difference between
groups. (D–F) Hippocampus (D), auditory cortex (E), and entorhinal cortex (F) of WT and α-synKO mice injected with retrobeads (RB). Scale bar, 100 µm.
(G) Quantification of retrobeads 1 and 7 d after injection. A two-tailed t test was performed to calculate the difference between groups. All experimental data
were verified in at least two independent experiments. A.U., arbitrary units.
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Figure S5. The effect of α-syn, tau, and combined pathology on modulators of phosphorylation, protein clearance, and cell viability markers. (A–W)
Immunoblot analysis probing for modulators of phosphorylation (A–H), protein clearance mechanisms (I–P), and neuronal and synaptic markers (Q–W) were
conducted on protein samples from the hippocampus of 4.5 and 6 mpi WT mice injected with PBS, AD-tau–enriched extracts alone, AD-tau combined with
α-syn mpffs, or α-syn mpffs alone. (B and C) Statistical analysis shows a significant increase in p38MAPK in all three injected groups compared with PBS-
injected WT mice (B), while a significant increase in CDK5 was observed in mice injected with AD-tau combined with α-syn mpffs compared with PBS-injected
WT mice (C). (D and E) A significant increase in Cyclin D1 was observed in all three injected groups compared with PBS-injected WT mice (D), while CamKIIa
levels were increased in all three injected groups compared with PBS-injected mice, though the results were not significant (E). (F and G) Statistical analysis
showed a significant reduction of PKC levels in mice injected with AD-tau combined with α-syn mpffs (F), while a significant increase in GSK-3β levels was
found in AD-tau–injected mice compared with PBS-injected mice (G). (H) Statistical analysis showed a significant increase in the inhibition of tau dephos-
phorylation enzyme p-PP2A in all three groups compared with PBS-injected mice. (I–P) Immunoblot probing for modulators of protein clearance mechanisms
(I) showed a significant increase in p62 (J), ubiquitin (K), K63 (M), LC3-1/2 (N), BIP (O), and eiF2α (P) in all injected groups compared with PBS-injected control
mice. An increase in K48 levels was reported in all groups compared with PBS-injected mice, albeit only significant in AD-tau combined with α-syn mpff–
injected mice (L). (Q–U) Immunoblot probing for neuronal and synaptic markers (Q) showed no significant difference in NeuN (R) and a significant decrease in
NFL levels in the AD-tau combined with α-syn mpff–injected mice compared with the PBS-injected group (S); a significant decrease in tubulin βIII (T), syn-
aptophysin (V), and PSD-95 (W) was observed in all three injected groups compared with PBS-injected mice; (U) AD-tau, α-syn mpffs, and combined AD-tau
and α-syn mpffs did not lead to a significant decrease in synapsin levels. Normalized ODwas calculated from each corresponding sample and statistical analysis
was performed to analyze target protein levels in the four injection groups. One-way ANOVA followed by Tukey’s post-hoc analysis was used to analyze the
data; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data are presented as mean ± SEM. All experimental data were verified in at least two
independent experiments.
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Table S1, Table S2, and Table S3 are provided online. Table S1 shows the demographics of human cases used in these studies. Table
S2 provides information on the AD cases used for the injection of AD-tau in mice. Table S3 lists information on all antibodies used in
this study.
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