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Abstract: Several studies have proposed that fibrillary aggregates of tau and other amyloidogenic
proteins are neurotoxic and result in numerous neurodegenerative diseases. However, these studies
usually involve sonication or extrusion through needles before experimentation. As a consequence,
these methods may fragment large aggregates producing a mixture of aggregated species rather than
intact fibrils. Therefore, the results of these experiments may be reflective of other amyloidogenic
species, such as oligomers and/or protofibrils/short fibrils. To investigate the effects of sonication on
the aggregation of tau and other amyloidogenic proteins, fibrils were prepared and well characterized,
then sonicated and evaluated by various biochemical and biophysical methods to identify the aggre-
gated species present. We found that indeed a mixture of aggregated species was present along
with short fibrils indicating that sonication leads to impure fibril samples and should be analyzed with
caution. Our results corroborate the previous studies showing that sonication of prion and Aβ fibrils
leads to the formation of toxic, soluble aggregates. We also show that the oligomeric forms are the
most toxic species although it is unclear how sonication causes oligomer formation. Recent results
suggest that these small toxic oligomers produced by sonication, rather than the stable fibrillar
structures, are prion-like in nature displaying seeding and cross-seeding behavior.

Keywords: tau oligomers; tauopathies; sonication; amyloid

Introduction
Misfolding and aggregation of tau into neurofibrillary
tangles (NFTs) is one of the pathological hallmarks
occurring in tauopathies including Alzheimer’s dis-
ease (AD) and other neurodegenerative diseases.1,2

Although NFTs have long been considered the

neurotoxic species responsible for neuronal death
observed in the case of tauopathies, recent studies
have shown otherwise. Studies with Htau mice
(transgenic mice expressing wild-type human tau)
have shown that there was no correlation between
the presence of tau tangles in aged mice and neuronal
death.3 Several other studies also corroborated the
finding that disease-associated synaptic and mito-
chondrial dysfunction, cell death, and neuronal loss
occurred before NFT formation.4–7 Another study
showed that neurons bearing tangles survive in spite
of the loss of membrane integrity indicating minimal
role of tau fibrils in inducing cytotoxic effects.8 Con-
gruently, several studies have shown that prefibrillar
soluble aggregates or oligomers and protofibrils of tau
correlate with cognitive deficits.7,9–13 Therefore, tau
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oligomers have emerged as a potential target for
therapeutic development, especially, targets for
immunotherapy.14–16

In spite of the overwhelming evidence supporting
the critical role played by tau oligomers in initiation
and progression of the disease phenotype, there is still
some controversy around their role and some studies
argue that tau fibrils are the primary toxic agents.17–19

These studies, however, subject the insoluble tau
fibrils to sonication before the treatment of the cells.
Sonication may result in fragmenting of the tau fibrils
into a mixture of small aggregates and/or short fibrils
and therefore would raise a question about the nature
of true propagating and infectious agents. Studies with
amyloid-β and prion proteins have shown that sonica-
tion or extrusion through needles resulted in forma-
tion of soluble aggregates which were more potent in
seeding as compared to mature fibrils.20–23 Thus, it is
quite clear that sonication converts insoluble tau
fibrils in to soluble small aggregates or oligomers.
Moreover, sonication of tau fibrils has been shown to
cause shearing of filaments, particularly those in
paired helical filament (PHF) form.24–26 All the evi-
dence supports the argument that sonication can
result in a breakdown of the intact fibrils into a mix-
ture of small aggregates or oligomers and short fibrils
and that propagation and spreading of sonicated fibrils
could actually be due to such short oligomers and not
insoluble fibrils. This could be important in teasing
out the true “infectious agent” responsible for propa-
gating the disease phenotype.

In this report, we show that when sonicated, tau
and α-Synuclein fibrils result in the formation of a
mixture of small aggregates and short fibrils. These
small aggregates were T22- and Syn33-positive (tau &-
α-Synuclein oligomer-specific antibodies) indicating
that the mixture did contain oligomers. Interestingly,
these aggregates showed prion-like behavior and
underwent seeding and cross-seeding. Moreover, as
expected, this mixture of aggregates or oligomers and
short fibrils generated by sonication of tau fibrils were
toxic in SH-SY5Y neuroblastoma cells. These results
are significant in establishing that the smaller soluble
aggregates of tau, and not mature fibrils, are more
potent seeding agents and are toxic.

Results

Sonication generates tau oligomer-specific
antibody, T22, positive aggregates
Both tau and α-Synuclein were expressed recombi-
nantly in Escherichia coli as described previously27,28

and characterized by immunoblotting and MALDI
ToF/ToF Matrix Assisted Laser Desorption/Ioniza-
tion, Time of Flight/Time of Flight (MALDI ToF/ToF)
which shows that both proteins were monomeric and
pure (Fig. S1(a,b)). To investigate if sonication lead to
the fragmentation of fibrils and formation of a

mixture of aggregates/oligomers and short fibrils, tau
fibrils were prepared from tau monomers (TauM) by
incubating with heparin as detailed in Materials and
Methods section. The fibrils were then sonicated as
depicted in the schematic (Fig. 1). To confirm if the
mixture of aggregates and short fibrils generated via
sonication of tau fibrils were oligomeric in nature, the
samples were blotted on to a nitrocellulose membrane
using the filter trap assembly. The membranes were
then probed with T22, antibody specific for tau oligo-
mers which does not recognize and bind to either the
soluble monomeric tau or insoluble fibrils.11 When
probed with T22, an intense band was observed for
the tau aggregate mixture generated via sonication
abbreviated as sTauO (Fig. 2(a), sTauO). In contrast,
the band for tau fibrils, abbreviated as TauF, was
faint suggesting the presence of some tau oligomers
in the fibril sample, which, perhaps, did not form
fibrils and remained oligomeric (Fig. 2(a), TauF). As
expected, no bands were observed for TauM and PBS
(phosphate buffer saline). The recombinant oligomers
labeled as TauO were used as a positive control
(Fig. 2(a), TauO). All proteins were loaded at identi-
cal concentration of 2 μg. Additionally, the presence
of tau in all the samples was confirmed using a com-
mercially available pan anti-tau antibody, Tau 13.
Similar results were obtained for α-Synuclein fibrils
and oligomers generated via sonication using
Syn33,29 an oligomer-specific antibody and 4D6, a
pan anti-Synuclein antibody. These results confirm
that sonication, indeed, resulted in the formation of a
mixture of aggregates/oligomers and short fibrils.
Next, to further confirm that the fibrils were frag-
mented into an ensemble of aggregates/oligomers and
short fibrils postsonicated, all the samples described
above were probed with a conformation-specific anti-
body that recognizes only fibrillar conformations,
OC.30 An intense band was observed for unsonicated
samples for both, tau and α-Synuclein (Fig. S2(a,b),

Figure 1. Schematic of tau fibril formation and sonication.
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TauF and α-SynF), whereas a diffused band was
observed for sonicated ensemble (Fig. S2(a,b), sTauO
and sα-SynO) indicating sparse presence, if not com-
plete absence, of large fibrils in the sonicated
ensemble.

Furthermore, the formation of fibrils was moni-
tored using atomic force microscopy (AFM). TauMs,
0.5–1 mg, incubated with heparin in a 4:1 molar ratio
of heparin to monomer formed typical fibrils with
a height of about 15–17 nm and a periodic helicity
as observed for fibrils induced from recombinant
monomers using heparin (Fig. 2(c), unsonicated).31

Similarly, recombinantly expressed α-Synuclein
monomers, 1–4 mg, were incubated with physiologi-
cal salt concentration at 37�C with constant stirring
to induce fibril formation and was monitored using
AFM. The α-Synuclein fibrils were linear and short
with an average height of 10–12 nm (Fig. 2(d), unso-
nicated). As expected, sonication of fibrils of both the
proteins resulted in their fragmentation forming a
mixture of aggregates/oligomers and short fibrils in

the case of tau and primarily short fibrils in the case
of α-Synuclein (Fig. 2(c,d), sonicated, respectively).
The average height of the sonicated ensemble consist-
ing of tau aggregates/oligomers and short fibrils was
~4–6 nm, whereas the average height of unsonicated
fibrils was in the range of 11–15 nm. The average
height of sonicated α-Synuclein ensemble was
~5–7 nm and that of unsonicated fibrils was in the
range of 9–10 nm. Additionally, the abundance or dis-
tribution of different species (monomer, oligomers,
and/or fibrils) in the sonicated ensemble and unsoni-
cated fibrils was estimated by plotting the height
against the abundance from the AFM images using
the particle analysis tool available in the NanoScope
Analysis v1.20r1 AFM data processing software. The
distribution indicated that the majority of the species
in the sonicated ensemble image (Fig. 2(c), sonicated)
have heights ranging from 5 to 7 nm (Fig. 2(e)). As
expected, the abundance of species above the height
of 10 nm was marginal in the sonicated ensemble
image. In comparison, particle analysis of the fibril

Figure 2. Sonication generates T22-positive aggregates/oligomers. (a, b) Filter trap analyses of tau and α-Synuclein monomers
(TauM/αSynM); tau and α-Synuclein oligomers from diseased brain tissues (TauO/αSynO); tau and α-Synuclein oligomers
generated via sonication (sTauO/sα-SynO); and tau and α-Synuclein fibrils (TauF/αSynF) probed using T22 or Syn33 (antibodies
specific for tau and α-Synuclein oligomers only, respectively), and Tau 13 or 4D6 (pan anti-tau or anti-α-Synuclein antibodies). The
triplicates represent n = 3. (c, d) Atomic force microscopy images showing unsonicated and sonicated tau and α-Synuclein fibrils
and oligomers. Images are representative of multiple repeats. (e, f ) Height distribution of sonicated ensemble and unsonicated
fibrils (inset) of tau and α-Synuclein analyzed using particle analysis tool of NanoScope Analysis software.
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image (Fig. 2(c), unsonicated) showed species with
heights ranging from 5 to 15 nm suggesting heteroge-
neity in the sample (Fig. 2(e), inset). A similar
profile was observed for the sonicated ensemble of
α-Synuclein and α-Synuclein fibrils where the soni-
cated ensemble showed a distribution of species with
heights ranging from 2 to 5 nm (Fig. 2(f )), whereas
the fibrils (unsonicated) showed species ranging from
7 to 20 nm (Fig. 2(f ), inset). Moreover, the dynamic
light scattering of the sonicated ensemble and
the unsonicated fibrils of tau showed distinct size
differences; the sonicated ensemble showed a single
peak distribution with an average size of 59.4 nm
(Fig. S3, sonicated), whereas the unsonicated fibrils
showed much higher size distribution at 843.8 nm
(Supporting Information Fig. S3, unsonicated).

These results collectively indicate that sonication
results in fragmentation of tau and α-Synuclein fibrils
resulting in the formation of an ensemble of small
aggregates/oligomers and short fibrils.

Oligomers generated via sonication undergo a
secondary structure transition and propagate
To investigate if the fibrils simply break apart during
sonication or undergo some sort of structural transi-
tion, which can explain their toxic nature detailed
further, the secondary structures of unsonicated and
sonicated fibrils were monitored using far-UV circular
dichroism. The CD spectrum of unsonicated fibrils,
prepared from recombinant TauMs, showed a broad
minimum at ~223 nm and a minimum at ~208 nm
observed typically for synthetic fibrils prepared in the
presence of heparin (Fig. 3(a), solid line).31 In com-
parison, the sonicated fibrils showed a single sharp
minimum at ~205 nm (Fig. 3(a), dashed line), which
is reminiscent of more disorder or flexibility in the
structure indicating a structural transition caused by
sonication. For α-Synuclein, the change in the second-
ary structure presonication (Fig. 3(b), solid line) and
postsonication (Fig. 3(b), dashed line) was not as
prominent as observed for tau as both pre- and post-
sonicated α-Synuclein fibrils showed largely

disordered structures suggesting that sonication did
not induce any structural changes.

Furthermore, the self- and cross-propagative
nature of these aggregates and short fibrils, gener-
ated via sonication, was investigated by seeding and
cross-seeding reactions. Briefly, Tau and α-Synuclein
monomers were incubated with tau and α-Synuclein
oligomers generated via sonication in the ratio of
100:1 for 2 h at 37�C with constant rotation at
30 rpm. The reactions were monitored using AFM.
The tau oligomeric seed incubated with tau or
α-Synuclein monomers converted the respective
monomers into similar oligomers with an average
height of 3–5 nm (Fig. 4(a)). Similar results were
obtained for α-Synuclein oligomeric seed incubated
with α-Synuclein or TauMs (Fig. 4(b)).

The toxicity of sonicated fibrils was significantly
reduced after preincubated with excess amounts
of affinity-purified tau oligomer antibody T22
Finally, the toxicity of the aggregates/oligomers gen-
erated via sonication was tested. In addition to unso-
nicated fibrils, sonicated fibrils, recombinant tau
oligomers, and the vehicle (PBS), cells were treated
with sonicated fibrils preincubated with affinity-
purified tau oligomer-specific antibody T22 for
45 min. There was a significant (P < 0.01) decrease in
the viability for the cells incubated with sonicated
fibrils as compared to those incubated with unsoni-
cated fibrils (Fig. 5). In fact, the toxicity of sonicated
fibrils (Tau Fib [Son]) was comparable to that of
recombinant tau oligomers. Furthermore, the toxicity
of sonicated fibrils (Tau Fib [Son]) was reduced with
increasing amounts of preincubated T22 antibody,
and cells treated with sonicated fibrils preincubated
with T22 antibody in 1:4 ratio had viability compara-
ble to those treated with unsonicated fibrils
indicating that the oligomeric ensemble generated
postsonication is the toxic species.

Discussion and Conclusions
Tau oligomers, and not the visible meta-stable tau
aggregates including NFTs, have emerged as the main

Figure 3. Secondary structure analysis of (a) sonicated (dashed) and unsonicated (solid) tau fibrils and (b) sonicated (dashed) and
unsonicated (solid) α-Synuclein fibrils. The image is a representative of three or more repeats.
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pathogenic species in different tauopathies.10–13,32–36

In this report, we corroborate this known fact that sol-
uble oligomers of tau and other amyloidogenic proteins
like α-Synuclein and Aβ are the primary toxic species
in the disease phenotype and act like the prion seeds
that have the potential to propagate the disease phe-
notype. The aim of this report was twofold: first to

demonstrate that toxic oligomeric seeds can be gener-
ated from fibrils through a simple method of sonica-
tion, and second to caution about interpreting the
results obtained from using the ensemble species gen-
erated via sonication. Several studies have shown that
tau fibril-treated cells exhibited seeding and propaga-
tion of aggregates via endocytosis.17–19 However, most
of these studies use fibrils that were sonicated before
cell treatment. We argue that treatments like sonica-
tion or even extrusion through needles do not actually
yield intact fibrils but an ensemble of small aggre-
gates/oligomers and short fibrils are responsible for
the activity observed in the particular experiment.
This could be important in understanding the actual
toxic species. We show that sonication induced the
fragmentation of tau and α-Synuclein fibrils in to a
mixture or ensemble of aggregates/oligomers and short
fibrils. When tested against T22 and Syn33, a tau and
α-Synuclein oligomer-specific antibodies, respectively,
this mixture showed a positive signal confirming the
presence of oligomers. Additionally, when probed with
a fibril-specific antibody, OC, the ensemble showed a
diffuse band as compared to unsonicated fibrils indi-
cating the sparse presence, if not complete absence, of
large fibrillar species. Although it has been shown ear-
lier that sonication of Aβ fibrils also leads to formation
of a mixture of toxic small aggregates,37,38 similar
results were obtained when Aβ 40 or 42 fibrils were
sonicated and tested against A11, Αβ oligomer-specific
antibody (Supporting Information Fig. S4). The parti-
cle size analyses of the ensemble for both tau and
α-Synuclein yielded a distribution of species with
heights ranging from 5 to 7 nm and 2 to 5 nm,

Figure 4. Seeding and cross-seeding of tau aggregates. (a) sTauO added as seeds to tau or α-Synuclein monomers. (b) sα-SynO
added as seeds to α-Synuclein or TauM. The images are representative of three consistent repeats.

Figure 5. Cell viability assay of SH-SY5Y cells treated with
2 μM of different preparations: tau oligomers, tau fibrils and
sonicated tau fibrils, and sonicated tau fibrils preincubated
with T22 antibody at 1:1, 1:2, and 1:4 ratios, respectively
(sonicated tau fibrils: T22 antibody). The data demonstrate that
oligomers generated by sonication of preformed fibrils are
highly toxic to cells. The toxicity of sonicated fibrils
significantly reduced upon preincubating them with excess
amount of affinity-purified T22 antibody. Bars and error bars
represent mean values and standard deviations, respectively
(*P < 0.05). (**P < 0.01).
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respectively, which corresponds to the average height
of oligomers of both the proteins.12,39 In comparison,
the unsonicated fibrils for tau and α-Synuclein showed
a wide distribution in height ranging from 5 to 15 nm
suggesting the presence of fibrils and other species
with high heterogeneity.40 The secondary structure
analysis of sonicated and unsonicated tau fibrils
showed a distinct structural transition from an
ordered structure, in case of unsonicated fibrils, to a
more disordered structure of the sonicated ensemble.
However, a similar structural transition was not
observed in the case of α-Synuclein; this can be attrib-
uted to the heterogeneity of unsonicated fibrils. More-
over, the sonicated ensemble, when added as a seed to
tau or α-Synuclein monomers, templated the corre-
sponding monomers into similar oligomers showing
the “prion-like” behavior as observed previously.41 It
can be speculated that the structural change observed
for sonicated tau fibrils, perhaps, could be the reason
for these aggregates to undergo seeding and cross-
seeding. Lastly, a simple cell viability assay, irrevoca-
bly, showed that the sonicated ensemble and not the
fibrils were toxic further bolstering the idea of oligo-
mers being the primary toxic species. Interestingly,
when the sonicated ensemble was preincubated with
increasing amount of an oligomer-specific antibody,
T22, their toxicity was reduced further confirming that
the oligomers are, indeed, the primary toxic species.
The enhanced toxicity of the oligomer can be explained
by their easy internalization via bulk endocytosis and
is responsible for disease propagation and spread.42

Thus, we have a strong evidence to believe that these
small aggregates/oligomers and short fibrils formed
via sonication of insoluble tau or α-Synuclein fibrils,
which appear to undergo seeding and cross-seeding,
may be responsible for the propagation of misfolded
proteins making them “prion-like.” These findings
have been corroborated by several other studies as
well.34,38,41,43 Further evidence to support this idea
can be adapted from the prion field where it has been
proven that nonfibrillar PrP particles are the most
efficient seeds that convert the nonpathogenic PrP to
protease-resistant PrP and thus possibly initiates the
prion disease.22,44

We speculate two possible pathways of fibril
breakdown via sonication. One possibility may be
that sonicated fibrils are fragmented into short fibrils
and oligomers, and as they fragment, they undergo a
structural transition. Alternatively, fibrils formed
from monomers may dissemble into monomers that,
in the presence of continuous sonication, subse-
quently assemble into oligomers. The evidence for the
first hypothesis comes from the simple fact that these
fibrils are likely formed from oligomers and thus
break back down into their building blocks. Moreover,
we have carried out experiments where aliquots from
all five cycles of sonication as well as aliquots after
0, 5, 15, 20, and 30 min of incubation postsonication

were probed using T22 and were seen to be
T22-positive indicating that oligomers are formed
immediately, even after the first cycle of sonication
(data not shown). The second hypothesis is supported
in part by data that suggest sonication of monomeric
proteins results in oligomeric aggregates, as sonica-
tion generates high local temperatures that destabi-
lize proteins and thus promote their misfolding and
amyloid formation.

Such observations are important for amyloid dis-
eases in which the oligomeric species is observed and
believed to be the most toxic. Both tau and
α-Synuclein are natively unfolded proteins in their
monomeric form which lacks an ordered structure
under physiological conditions.45,46 Like Aβ, both tau
and α-Synuclein undergo templated aggregation or
fibril formation. Misfolded TauMs that are primarily
disordered aggregate to form fibrils showing β-sheet
rich structures in the presence of negatively charged
cofactors such as RNA and heparin. The soluble oligo-
mers show a structure that is intermediate between
disordered monomers and β-sheet-rich NFTs with
sizes varying accordingly.47 Two theories have been
proposed to model tau aggregation, and in either
model tau undergoes disorder to order transition as it
aggregates sequentially forming soluble oligomers,
paired helical filaments, and eventually NFTs.48

In the initial phases of aggregation, α-Synuclein par-
tially folds into premolten globule-like conformations
which show a high aggregation propensity.46 These
early conformations form the nonfibrillar soluble olig-
omers or aggregates which are known to have sphe-
roidal morphology with heights ranging from 2 to
6 nm and largely disordered and partial α-helical
structures.49 These oligomers further aggregate,
rather rapidly, to form extended protofilaments or
protofibrils which have a height of 5–6 nm and
undergo a significant disordered to order transition
into β-sheet-rich structures.50 The seeding capability
of oligomers, and not the fibrils, may explain how dis-
ease progresses from one region of the brain to the
next. Physiologically, there could be certain processes
in cellular environment that can create sonication-
like conditions that can cause fibrils to fragment into
smaller aggregates.25 Sonication is known to induce
free radical formation via sonolysis of water.25 The
˙OH radicals can further initiate formation of reactive
oxygen species which are known to disrupt protein
structure via oxidative damage.51 Oxidative stress
and formation of reactive oxygen species is a common
feature of neurodegenerative diseases including AD
and has even been speculated as an early event
during disease progression causing aggregation of
amyloid proteins.52,53 Therefore, one can speculate
that the high level of oxidative stress and damage
prevalent in AD pathology can create sonication-like
conditions causing fragmentation and breakdown of
fibrils. Therefore, we should not discount the
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presence of oligomers in these mixtures produced via
sonication and ought to be cautious when utilizing
such techniques, which at the same time can be use-
ful for reverse engineering different fibril prepara-
tions into smaller toxic aggregate with different
conformations.

Materials and Methods

Preparation of tau/α-Synuclein fibrils
The human tau-441 isoform (2N4R) was expressed
recombinantly in E. coli BL21 (DE3) cells and puri-
fied as detailed previously.27 Aliquots of a monomeric
tau solution (1 mg/mL) were prepared in sterile water
with 1× PBS (final concentration) and incubated with
heparin (15 kDa) in 1:4 ratio of heparin to TauM11 at
37�C for 3–5 days. The tubes were rotated constantly
using a rotary shaker at a speed of 30 rpm.

Human α-Synuclein was expressed recombi-
nantly as reported previously.28 The α-Synuclein
monomers were incubated with physiological salt con-
centration in water and stirred at 37�C for 6–7 days.
Sodium azide was added to the reaction at 0.01% to
prevent bacterial growth.

Sonication of fibrils
The fibrils were sonicated using a Fisher Scientific
Sonic Dismembrator Model 100. The samples were
subjected to five 30-s bursts on ice with 15 s intervals.
The sonication intensity was maintained between
30% and 50% to avoid foaming of the sample. After
the fifth burst, the samples were incubated on ice for
30 min before being used in any experiments.

Seeding and cross-seeding
Sonicated fibrils of either tau or α-Synuclein were
incubated with aggregate-free monomers of either
tau or α-Synuclein in 1:100 ratio of seed to monomers
for 2 h at 37�C on a rotary shaker set at 30 rpm as
reported previously.54

Atomic force microscopy
Atomic force microscopic images were obtained using
a Bruker MultiMode 8 microscope. The samples were
diluted in the range of 0.03–0.05 μg/μL. A 12 mm
mica attached to a 15-mm metallic disc was freshly
cleaved to obtain a uniform surface. The 10-μL
diluted sample was added on the freshly cleaved
mica. The sample was allowed to be adsorbed on the
surface for at least 30 min or overnight. The mica
was then washed three times with 150 μL of sterile
water, and the surface was dried. The images were
procured using the Bruker ScanAssyst mode.

For calculating distribution, three different fields
were chosen from the regions of interest. Using the
particle analysis tool of the NanoScope Analysis
v1.20r1 AFM data processing software, the height of

the particles was extrapolated. The results were
exported to Graphpad, averaged, and plotted.

Filter-trap assay
A piece of nitrocellulose membrane was cut to fit the
slot blot chamber and soaked in 1X Tris-buffered
saline low-tween (TBST) for 5 min.55 The samples of
tau and α-Synuclein were loaded in triplicates in the
wells of the slot blot apparatus. The amount of pro-
tein loaded across all the chambers was maintained
constant at 2 μg. After the samples were transferred
on to the membrane, it was removed from the cas-
sette and blocked with 10% milk solution prepared in
1X TBST at 4 �C overnight or for 1 h at room temper-
ature (RT). The membranes with tau samples were
then probed with T22 (1:250) and Tau 13, a pan tau
antibody (1:25,000; BioLegend (San Diego, CA,
USA)). Membranes with α-Synuclein samples were
probed with Syn33,29 an antibody for α-Synuclein
oligomers (1:1000) and 4D6, a pan α-Synuclein anti-
body (1:10,000; BioLegend (San Diego, CA, USA))
diluted in 5% milk solution and incubated for 1 h at
RT. The membranes were washed three times for
10 min in 1X TBST and then incubated with their
respective secondary antibodies for 1 h at RT. Immu-
noreactivity for T22 and Syn33 antibodies was
detected by using an horse raddish peroxidase
(HRP)-conjugated anti-rabbit IgG antibody (1:10,000)
diluted in 5% milk. Tau 13 and 4D6 immunoreactiv-
ity was detected by using HRP-conjugated anti-mouse
IgG antibody (1:10,000) diluted in 5% milk. After
washing for three times as described above, detection
substrate was added to the membrane and developed
immediately on X-ray autoradiography films.

Cell viability assay
SH-SY5Y neuroblastoma cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) with
10 mM HEPES ((4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid)), 10% fetal bovine serum,
4 mM glutamine, penicillin (200 U/mL), and strepto-
mycin (200 μg/mL) in 5% CO2 at 37�C. The medium
was replaced every 2 days, and cells were plated at
10,000 cells per well in 96-well plates and grown
overnight. The medium was removed and 2 μM of
preparations (tau oligomers, tau fibrils, and sonicated
tau fibrils) were added to the cells. After incubation
for 90 min at 37�C, cells were subjected to MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) colorimetric assay using Cell Proliferation I
(MTT) assay kit (Roche), according to the manufac-
turer’s directions. Separately sonicated tau fibrils
were also preincubated with affinity-purified T22
antibody for 45 min in 1:1, 1:2, and 1:4 ratio (soni-
cated tau fibrils:T22 antibody) before the treatment
of the cells. This treatment was also followed by MTT
colorimetric assay to assess the viability of the cells
treated with preincubated samples. Each treatment
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was performed in triplicates, and one-way analysis of
variance was used to get the statistical significance.
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