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Abstract. Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting approximately one-
percent of the population over the age of sixty. Although many animal models have been developed to study this disease, each
model presents its own advantages and caveats. A unique model has arisen to study the role of alpha-synuclein (aSyn) in the
pathogenesis of PD. This model involves the conversion of recombinant monomeric aSyn protein to a fibrillar form—the aSyn
pre-formed fibril (aSyn PFF)—which is then injected into the brain or introduced to the media in culture. Although many
groups have successfully adopted and replicated the aSyn PFF model, issues with generating consistent pathology have been
reported by investigators. To improve the replicability of this model and diminish these issues, The Michael J. Fox Foundation
for Parkinson’s Research (MJFF) has enlisted the help of field leaders who performed key experiments to establish the aSyn
PFF model to provide the research community with guidelines and practical tips for improving the robustness and success
of this model. Specifically, we identify key pitfalls and suggestions for avoiding these mistakes as they relate to generating
the aSyn PFFs from monomeric protein, validating the formation of pathogenic aSyn PFFs, and using the aSyn PFFs in vivo
or in vitro to model PD. With this additional information, adoption and use of the aSyn PFF model should present fewer
challenges, resulting in a robust and widely available model of PD.
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INTRODUCTION

Parkinson’s disease (PD) affects approximately
one in one hundred individuals over sixty years
old today, with incidence projected to double in
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the coming decades [1]. Principally characterized as
a motor disease, PD diagnosis is confirmed post-
mortem by two pathological hallmarks that have
been linked to the motor dysfunction exhibited by
patients—loss of dopaminergic projections in the
nigrostriatal system associated with cell death in
the substantia nigra pars compacta (SNpc) [2, 3],
and presence of alpha-synuclein (aSyn) inclusions
known as Lewy bodies and Lewy neurites [4–7].
The relationship between aSyn and PD was further
strengthened by the identification of mutations and
multiplications in the gene encoding aSyn, SNCA,
leading to an autosomal dominant form of PD
[5, 8, 9].

Although PD is the second most common neurode-
generative disease and the prevalence is expected to
continue to rise, much progress still remains to be
made in understanding the biology of PD and improv-
ing treatments for the disease. One hindrance to this
progress is the fact that the majority of PD cases have
no known cause and are not linked to a known genetic
mutation. When combined with the fact that PD is a
human-specific condition not present in other species,
this makes research into the biology of the disease
and testing of treatments difficult. As a result, various
models are available for PD research with each model
displaying key weaknesses in addition to its strengths.

COMMON METHODS FOR MODELING
PARKINSON’S DISEASE IN RODENTS

Toxin models are the classical models for PD
research, using injection of a toxin into the brain
or periphery to eliminate the dopaminergic neu-
rons of the SNpc. Toxin models—specifically
6-hydroxydopamine (6-OHDA) and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)—were
the first models of PD developed and are still widely
in use today due to their ability to induce rapid
degeneration of the SNpc, leading to robust, well-
characterized motor deficits [10]. In addition, the
spatiotemporal control and ability to induce a unilat-
eral lesion in rodents and non-human primates with
these toxins provides clear benefits for using these
models to study nigrostriatal degeneration. However,
although toxin models recapitulate one pathological
hallmark of PD (nigrostriatal degeneration), they
do not typically display the second pathological
hallmark (aSyn and Lewy body pathology) [11]. In
addition, the rapid degeneration of the nigrostriatal
system does not seem particularly relevant to the

human condition—which may begin decades before
motor symptoms manifest—and does not allow for
the testing of disease-modifying treatments during
the pre-symptomatic phase [12, 13]. Regardless,
toxin models are typically preferred for studies
of sporadic PD where rapid degeneration of the
nigrostriatal system is preferred or the consequences
of nigrostriatal degeneration are studied.

Once familial forms of PD were identified,
genetically-modified rodent models sought to pro-
vide a better model of PD that would more faithfully
recapitulate the human condition. The most common
genetic modifications modeled include the autoso-
mal dominant mutations in the genes encoding aSyn
[8, 9, 14] and leucine-rich repeat kinase 2 (LRRK2)
[15, 16], and the autosomal recessive mutations
in the genes encoding Parkin [17], PTEN-induced
putative kinase 1 (PINK1) [18], and DJ-1 [19–21].
Genetically-modified models are advantageous in
that they express genetic mutations linked to inher-
ited forms of PD and express the implicated protein at
moderate supra-physiological or near-physiological
levels for long periods as occurs in the disease,
allowing investigators to probe disease-relevant path-
ways and test therapeutic interventions for familial
forms of PD [11–13, 20]. Despite these advan-
tages, genetically-modified rodent models of PD are
oftentimes not considered the best model of PD.
Importantly, many of the genetically-modified rodent
models of PD lack robust nigrostriatal degeneration
and do not display consistent, reproducible motor
deficits [11, 20, 21]. Furthermore, the nigrostriatal
degeneration and motor phenotypes that have been
observed are heavily dependent on the amount of
protein expressed and the promoter used to drive
expression of the transgene [20, 21]. Notwithstanding
these drawbacks, genetically-modified rodent models
of PD are useful models for PD research, particularly
research into therapeutic strategies for familial forms
of PD, non-motor symptoms of PD, and clinically-
relevant pathways.

Viral vector-based models of PD have emerged
more recently to model both pathological hallmarks
of PD—degeneration of the nigrostriatal system and
inclusions of abnormal, aggregated or phosphory-
lated aSyn. In these models, viral vectors are used
as tools to transduce cell types of interest and over-
express or knockdown proteins related to PD, such
as aSyn or LRRK2 [22]. Similar to toxin models,
viral vectors overexpressing aSyn can induce a robust
lesion of the nigrostriatal system leading to behav-
ioral phenotypes in rodents and non-human primates
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using a system that allows spatiotemporal control
and the ability to design studies with an internal
control [23]. In addition, the level of protein over-
expression can easily be altered to reduce the level
of overexpression to sub-toxic levels or prolong the
time before degeneration, if desired [14, 24, 25].
The main drawback of this model, however, is the
supra-physiological level of overexpression required
for pathology, leading to the question of generaliz-
ability between this model and the human condition.
The viral vector-based model of PD requires fold-
level increases of aSyn expression over endogenous
to produce a robust PD phenotype, whereas patients
with idiopathic PD do not exhibit higher levels of
aSyn protein versus control patients [26] and even PD
patients with the SNCA triplication mutation exhibit
aSyn protein levels in the brain that are only double
that of non-PD patients [27]. Furthermore, the aSyn
aggregates produced in this model do not appear to
be filamentous and therefore may not replicate many
features of aSyn inclusions found in PD patients [28].
Aside from these drawbacks, the viral vector-based
models of PD are still common models in instances
where robust nigral degeneration, motor deficits, and
aSyn pathology are desired.

A new model focusing on the misfolded, aggre-
gated forms of aSyn found in Lewy bodies has
recently arisen as an important tool in PD research.
In this model, recombinant aSyn monomeric proteins
are incubated under defined conditions to generate
aggregated, amyloid pre-formed fibrils (aSyn PFFs)
that are similar in structure to the building blocks
of Lewy bodies and Lewy neurites. These aSyn fib-
rils are then sonicated to generate short fibrils which
trigger endogenous aSyn to be hyperphosphorylated
at the S129 site, ubiquitinated, insoluble in deter-
gent, and 10–15 nm in length upon examination by
electron microscopy when introduced in vitro and in
vivo [29–31]. In addition to pS129 aSyn pathology,
the aSyn PFFs trigger synaptic dysfunction, pertur-
bations in cell excitability, and cell death in cell lines
overexpressing disease-related proteins as well as in
primary neuronal cultures from wild-type mice [32,
33]. In vivo, intracerebral injection of aSyn PFFs
into the dorsal striatum results in dysregulation of
striatal dopamine release, neurodegeneration in the
SNpc, and behavioral deficits in rodents overexpress-
ing disease-related proteins or non-transgenic rodents
[29, 30, 34, 35]. The development and validation of
this model has led to a new animal model for PD
research that provides many advantages over other
models.

Similar to the toxin- and viral vector-based mod-
els of PD, the aSyn PFF model of PD is an inducible
model that allows for spatiotemporal control of
the aSyn PFF introduction. This enables baseline
measurements of behavior prior to induction of
parkinsonian symptoms, an opportunity to study a
prophylactic treatment, and a defined time course
of degeneration for strategic intervention. Although
the introduction of the aSyn PFFs generated from
recombinant aSyn induces a model using supra-
physiological levels of aSyn, the levels of aSyn
are much closer to that of the human condition as
compared to viral vector-based and some transgenic
models. Importantly, in contrast to the viral vector-
based model, the pathology exhibited in the aSyn
PFF model is the result of PD-relevant pathologi-
cal changes in endogenous aSyn initiated after aSyn
PFF injection [30, 33, 34]. Furthermore, this model
exhibits a more protracted time course of degenera-
tion with early aSyn pathology in PD-relevant brain
regions and development of dopamine dysfunction,
nigral degeneration, and motor deficits months after
induction [29, 30, 34]. This progression is more simi-
lar to the human condition whereby dopamine neuron
dysfunction occurs in advance of overt motor symp-
toms that manifest only after a significant portion
of the SNpc dopaminergic neurons have degenerated
[36–40].

As with all preclinical models of PD, there are
some considerations that must be acknowledged
when using the aSyn PFF model. First, a unilateral
injection of aSyn PFFs may produce bilateral pathol-
ogy depending on the injection location and rodent
model, although contralateral pathology develops at
lower levels and at later time points than ipsilateral
pathology [29, 30, 34, 41, 42]. Therefore, this model
may not have an unaffected hemisphere to use as
an internal control—although the uninjected hemi-
sphere is often used as an internal comparator for
pathology for the injected hemisphere. In addition, it
still remains unclear if the recombinant aSyn PFFs
are identical to the species of aSyn present in the
pathology of the human condition. Independent of
these two main caveats, this model is commonly used,
well-validated, and important for the understand-
ing of the pathophysiology and potential treatment
of PD.

Recently, the popularity of this model has grown
and many groups have attempted to establish this
model in their labs to interrogate their specific
research interests. Through the wide adoption of
this model, it has become apparent that establish-
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ing this model in a lab presents unique challenges
with regard to the aSyn PFFs. In particular, the abil-
ity to consistently generate pathogenic aSyn PFFs
has arisen as an issue with this model, leading to
concerns over reproducibility of findings and invest-
ment in a model with a time course of pathology that
requires several months to develop. In consultation
with the experts who initially developed, validated,
and expanded this model, The Michael J. Fox Founda-
tion for Parkinson’s Research (MJFF) has established
a set of guidelines and recommendations to improve
the usability of this model. These guidelines were
developed through the accumulated experience and
collaborative efforts of experts; the recommendations
described in this manuscript have been tested and
used across labs and batches of aSyn PFFs. These
guidelines specifically aim to provide useful tips for
generating, validating, and using aSyn PFFs to induce
rodent models of PD. The guidelines described in
this manuscript are intended be used as a starting
point when adopting this model or when experienc-
ing issues with aSyn PFFs. The protocols described
within this manuscript may require tailoring and fur-
ther validation based on the individual needs and
experiences of the different labs.

GENERATION OF ALPHA-SYNUCLEIN
PRE-FORMED FIBRILS FROM
RECOMBINANT ALPHA-SYNUCLEIN
MONOMERS

The first and most important step of the aSyn
PFF model involves the generation of proper
pathogenic PFFs from monomeric recombinant aSyn
protein. This begins with choosing the proper starting
material as not all monomeric aSyn protein prepara-
tions will aggregate into fibrils and not all aggregated
aSyn protein will trigger pathology. For instance,
some groups have reported issues generating aSyn
PFFs using lyophilized protein or tagged aSyn pro-
tein [31]. However, these issues have been overcome
by others [32, 43]. To increase the probability of
success when first adopting this model, it is rec-
ommended that the investigator either generates and
validates their own protein or purchases validated
aSyn monomeric protein specifically-formulated to
generate aSyn PFFs.

Recombinant aSyn monomers may be generated
in house using protocols such as those described in
Volpicelli-Daley, Luk, and Lee [31], Abdelmotilib
et al. [35], or Fares et al. [44]. Monomeric aSyn pro-

tein specifically-formulated to generate aSyn PFFs
may also be purchased from commercial sources
(Supplementary Material). An added benefit of using
a well-validated commercial source of aSyn is that it
will provide the investigator with assurance that the
protein should form the pathogenic PFF species if
prepared correctly and will allow better comparisons
between published studies. If the investigator is inter-
ested in purchasing pre-made aSyn PFFs rather than
converting the aSyn monomers to PFFs in-house, it
should be noted that not all aggregated aSyn protein
is compatible with the aSyn PFF model and precau-
tion should be taken to purchase the correct fibrillar
material or generate aSyn PFFs in-house using vali-
dated protocols. It is not recommended to use aSyn
PFFs from a previous batch to seed the conversion of
aSyn monomers to PFFs in a new batch as this will
lead to the generation of different types of aggregates
and will lead to an increase in variation rather than
enhancing reproducibility [45].

In consultation with experts in aSyn PFF gen-
eration and use, MJFF has developed and made
available a protocol for generating aSyn PFFs from
recombinant aSyn monomeric protein (Supplemen-
tary Material). The three stages of this protocol
include preparing the monomers, generating PFFs
from the monomers, and preparing the PFFs for use
(see Fig. 1 for a schematic depiction of the proto-
col). Within each of these stages, considerations must
be taken to ensure the monomers aggregate to form
proper fibrils and the sonicated fibrils are the correct
size for generating a pathological response in vitro
or in vivo. Of particular importance are ensuring the
buffers and the solutions are the correct pH and ionic
strength, storing the fibrils properly, and using sonica-
tion parameters that generate sufficiently small fibrils.

Optimizing buffer conditions for proper aSyn
PFF formation

A common oversight in generating PFFs is using
buffers that are not controlled for pH and/or ionic
strength. Ionic strength and acidity are very impor-
tant parameters to monitor when generating aSyn
PFFs. These two parameters may affect PFF forma-
tion and should be analyzed prior to PFF induction.
For optimal PFF formation, the pH should be between
7–8 (optimal around pH 7.4) and the salt concen-
tration should be approximately 100 mM NaCl.
These parameters directly affect aSyn aggregate for-
mation and the development of different strains
of aSyn aggregates that might not seed pathology
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Fig. 1. Schematic depiction of the protocol for generating alpha-synuclein pre-formed fibrils (aSyn PFFs) from specially formulated
monomers. The protocol for generating aSyn PFFs from monomers includes three main stages, (A) preparation of aSyn monomers, (B)
generation of aSyn PFFs from monomers, and (C) preparation of aSyn PFFS for use. A) The protocol begins with the monomeric recombinant
aSyn protein specially formulated for aSyn PFF development, which is then centrifuged for the supernatant to be transferred and protein
concentration to be measured. B) To generate aSyn PFFs, the solution is diluted, vortexed, and incubated at 37◦C shaking for 7 days before
quality control and storage. Please note that a portion of the monomeric starting material should be set aside at the beginning of this step
for use as a negative control in quality control experiments, with even larger quantities set aside if monomers are to be used as the control
protein in model generation. C) On the day of use, an aliquot of aSyn PFFs should be thawed, diluted after the protein concentration has been
re-measured, sonicated, and quality controlled prior to use. The protocol corresponding to this schematic can be found in the Supplementary
Material. aSyn, alpha-synuclein; PFF, pre-formed fibril; s, seconds; d, days; RT, room temperature.

efficiently has been reported under different buffer
conditions [46].

In addition, an important consideration that should
not be overlooked is the protocol used to convert the
aSyn monomers to fibrils. A recent study by Tarutani
and colleagues [47] showed that robust pathology in
vitro and in vivo only develops when monomers are
incubated at 37◦C shaking for seven days. Specifi-
cally, samples of aSyn monomers incubated at 37◦C,
room temperature, or 4◦C without shaking fail to
form the elongated fibrillar aggregates of aSyn that
adopt the beta-sheet conformation and amyloido-
genic properties [47]. It is recommended to shake
the aSyn monomers at 37◦C in a sealed incubator
or shaker with a temperature controlled lid to pre-
vent evaporation, with verification of turbidity after
incubation to confirm the presence of higher molec-
ular weight species of aSyn such as the aSyn fibrils
[31, 35, 47]. The MJFF protocol for fibril generation

can be found in the Supplementary Material, with
additional protocols in the cited literature [29–35,
41–48].

Storage considerations to promote aSyn
monomer and PFF stability and activity

Proper storage of aSyn monomer and PFF samples
is also an important factor to consider when using the
aSyn PFF model. Sample concentration for storage,
storage temperature, and thawing temperature can
drastically affect the quality of the aSyn monomers
and fibrils, preventing the formation of proper aggre-
gates for use in the PFF model. It is recommended
to store aSyn monomers at a concentration no higher
than 7.5 mg/mL to enable proper PFF formation and
sufficient quantity of sample for quality control and
experimental use (higher concentrations may result
in formation of aggregates). Monomeric aSyn pro-
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tein should be stored at –80◦C and thawed/kept on
ice to prevent spontaneous aggregation that can occur
at room temperature. Should monomers need to be
shipped, aSyn monomers for PFF generation should
be shipped frozen to avoid unnecessary freeze-thaw
cycles and spontaneous aggregation. If monomers are
to be used as the control, the monomeric solution
may be aliquoted into single-use aliquots and stored
at –80◦C to prevent unnecessary freeze-thaw cycles
that may degrade the sample.

Once the aSyn monomers have been converted to
PFFs, the sample may be stored at room temperature
or at –80◦C; aSyn PFF samples should not be stored
at 4◦C or –20◦C, as considerable dissociation may
occur at these temperatures [46, 49] (Supplementary
Figure 1A). Stocks of aSyn PFFs should be stored
in single-use aliquots of 20–25 �L at a final concen-
tration of 5 mg/mL, regardless if storing at –80◦C
or room temperature. It is generally recommended to
make aSyn PFFs fresh before use and store aliquots
at room temperature for a short duration before use
in culture or in surgery. Stocks of aSyn PFFs have
been shown to retain pathogenicity for up to 1–1.5
years at –80◦C, although activity will decrease as
compared to fresh aSyn PFFs (Fig. 2). Samples can
be kept at room temperature for 1–2 weeks. Sam-
ples can be kept at room temperature over 2 weeks,
however, sterile components must be used to pre-
vent microbial contamination and it is generally not
recommended to store aSyn PFFs at room tempera-
ture long-term as this risks sample contamination and
degradation.

As aSyn PFFs are very prone to alterations with
freeze-thaw cycles, it is important to properly freeze
and thaw aliquots of aSyn PFFs. Before samples are
placed at –80◦C, aliquots of aSyn PFFs need to be
gradually frozen on dry ice to prevent non-specific
aggregations that might occur with snap-freezing.
Although the exact pathogenic conformation within
the aSyn PFFs samples is still unclear, the additional
variations in aSyn fibril size, shape, and heterogene-
ity introduced by the freeze-thaw cycle can lead to
added variation and therefore should be prevented to
enhance reproducibility. An analysis of the impact
of different storage parameters on fibril structure
found large variations when comparing between aSyn
PFFs stored at room temperature, frozen on dry ice
and stored at –80◦C, or snap frozen and stored in
liquid nitrogen (Fig. 2). Importantly, freezing aSyn
PFF samples with liquid nitrogen led to the develop-
ment of non-specific, larger protein aggregates that
could impact the concentration of protein measured

and used (arrow in Fig. 2C). In addition to altering
fibril structure (Fig. 2B), freezing and storing aSyn
PFF samples at –80◦C can also negatively impact the
pathogenicity of the PFFs leading to a reduction in
inclusion formation as evidenced by reduced pS129
aSyn staining following treatment with PFFs frozen
at –80◦C as compared to PFFs made fresh and stored
at room temperature (Fig. 2D–F). Systematic stud-
ies investigating whether these alterations are due
to the freeze-thaw cycle or duration of freezing are
still lacking. Therefore, it is strongly recommended
to validate frozen aSyn PFF samples—regardless of
storage time—before use to confirm pathogenicity of
the sample.

When freezing, single-use aliquots of aSyn PFFs
must be stored in a freezer box at the back of
the freezer to prevent degradation with freeze-thaw.
When using frozen samples, aliquots should be
thawed and kept at room temperature. The freeze-
thaw cycle causes dissociation of fibrils and a product
that differs from what was analyzed prior to freezing
(Fig. 2). As a result, protein concentration should be
re-measured after thawing and quality control exper-
iments analyzing fibril size and seeding capacity
should be performed after thawing a representa-
tive aliquot designated for quality control or the
aliquot that will be used for experimental purposes
(Fig. 1). Furthermore, it is important to highlight that
the alterations during the freeze-thaw cycle necessi-
tate sonication immediately prior to use—sonicated
aliquots of aSyn PFFs should never be stored at any
temperature below room temperature (Supplemen-
tary Figure 1).

Sonication of aSyn PFF samples to generate
pathogenic species of PFFs

A common pitfall leading to lack of pathology and
issues in reproducibility in the aSyn PFF model is
the failure to sufficiently and consistently sonicate
the aSyn fibrils generated from monomers. Imme-
diately before use, the aSyn PFF aliquot should be
diluted to the desired working concentration and soni-
cated to produce the short fibrillar version of aSyn that
seeds pathology in vitro and in vivo (Figs. 1 and 3–5).
Importantly, the sonicated aSyn PFF samples are het-
erogenous in nature and it remains unclear which
specific form of aggregated aSyn—be it the short fib-
rils or oligomers generated during sonication—are
seeding the majority of the pathology. However,
previous studies have shown that sonication must
result in majority of aSyn PFFs at 50 nm or smaller
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Fig. 2. Impact of storage conditions on alpha-synuclein pre-formed fibril (aSyn PFF) structure and pathogenicity. A-C) Representative
transmission electron microscopy (TEM) images of aSyn PFF samples stored at varying temperatures before sonication. A) Samples stored
at room temperature for 3–4 weeks display long fibrillar structures characteristic of unsonicated aSyn PFFs. B) Samples stored at –80◦C
for 4–5 months display long fibril structures as well as fractured, smaller aggregates. C) Samples stored in liquid nitrogen for 4–5 months
display a distinct morphology characterized by fractured fibrils and non-specific aggregates (arrowhead). D–F) Analysis of the impact of
storage conditions on aSyn PFF pathogenicity in primary hippocampal neuron cultures. Primary hippocampal neurons were exposed to fibrils
at 0.2 �g/mL and fixed 6 days later. D–E) Immunofluorescence was performed using an antibody to pS129 aSyn to visualize inclusions
(green) or to neurofilament heavy chain (blue) to visualize axons. Scale bars = 50 �m. Fibrils were either (D) generated immediately before
adding to primary neurons or (E) stored at –80◦C for 6 months before use. F) Quantitation of the percent area occupied by pS129 aSyn
immunoreactivity reveals a highly significant (p < 0.001) difference between fresh and frozen aSyn PFFs, with much greater levels of pS129
aSyn induced by fresh aSyn PFFs as compared to frozen aSyn PFFs. Graph depicts mean values with error bars denoting standard deviation.
aSyn, alpha-synuclein; PFF, pre-formed fibril; RT, room temperature; liquid N2, liquid nitrogen; p-�-syn, pS129 aSyn.

to consistently seed pS129 aSyn pathology in cul-
ture or after injection [35, 47, 48]. Failure to sonicate
samples prior to use or failure to sufficiently sonicate
the large fibrils to smaller components will reduce
pathogenicity or even result in a lack of pathology
[35, 47, 48]. To prevent this issue, it is suggested
to test multiple sonication parameters when first
establishing the model in one’s lab.

Tarutani and colleagues [47] and Abdelmotilib and
colleagues [35] compared various probe sonication
parameters and analyzed the effect of extended son-
ication times on fibril size, fibril structure, amyloid
conformation of the fibrils, and fibril seeding capac-
ity. Both groups reported no negative impact of longer
sonication times on any readout. No difference was
observed in amyloid confirmation or fibril structure
(apart from size) between sonication for 0 s and up
to 240 s, indicating that extended sonication times
will not impair the amyloid properties of the fibrils
or create new forms of aSyn aggregates. Furthermore,

extended sonication times produced smaller aSyn fib-
rils on average, and these shorter fibrils were more
efficient than longer fibrils at seeding the formation
of new fibrils when incubated with monomeric aSyn
or introduced in vitro or in vivo [35, 47]. It should
be noted, however, that samples sonicated longer
than 180 s have not been evaluated for in vitro or in
vivo pathogenicity. In addition, heat generated dur-
ing sonication may negatively impact fibril stability
and should be avoided when probe sonicating, as was
done in these two studies. To control for heat when
probe sonicating for an extended period, it is recom-
mended to probe sonicate in 15 s intervals with a 1 s
sonication pulse and a 1 s wait, resting the solution at
room temperature for 2 min to dissipate heat between
each 15 s interval [35]. A detailed sonication proto-
col can also be found in Volpicelli-Daley, Luk, and
Lee [31].

Important safety considerations must be taken
when sonicating aSyn PFF samples as it remains
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unclear if aSyn PFFs pose a biosafety hazard. If probe
sonicating aSyn PFF samples, sonication should be
performed in a BSL-2 level fume hood to pre-
vent inhalation of aerosolized aSyn PFFs [50]. Bath
sonication can also be performed in lieu of probe son-
ication as this provides the advantage of sonicating
in closed tubes with better temperature regulation,
thereby eliminating inhalation risks and preventing
heat-related damage to the sample. Where bath soni-
cation is the preferred method, a high-powered water
bath sonicator (such as the Bioruptor) should be used
to ensure sufficient sonication. If the temperature of
the water bath is not regulated or the sonicator is not
sufficiently powered, aggregates may fail to fragment
appropriately and the aSyn PFFs may show reduced
ability to seed pathology. When performed correctly,
bath sonication leads to highly reproducible results
and eliminates the inhalation hazard. Regardless of
sonication time or method, the protocol and fibrils
should always be validated before use.

VALIDATION OF PROPER
ALPHA-SYNUCLEIN PRE-FORMED
FIBRIL FORMATION PRIOR TO USE

An important and often overlooked step in gener-
ating aSyn PFFs is validating proper fibril formation
and activity before use. The pathogenicity of the
aSyn PFFs in vitro and in vivo is dependent on the
structure/conformation and size of the aggregates
[35, 45–48]. In addition, the structure and size of
aSyn PFFs are highly dependent on buffer conditions,
sonication efficiency, and storage—parameters that
are prone to change between labs or batches, lead-
ing to reproducibility issues. Furthermore, failing to
validate proper fibril formation and size before intrac-
erebral injection could lead to a lack of pathology
in vivo and failure of a long-term, costly experi-
ment. As a result, it is extremely important to validate
successful conversion of aSyn monomers to fibrils
and successful preparation of aSyn fibrils for exper-
imental use. It is highly recommended to perform
extensive validation when first establishing the PFF
model in one’s lab, and again before initiating a long-
term or costly study.

Herein we describe various experimental tech-
niques that can be used to validate proper biophysical
and biochemical properties of aSyn PFFs pre- and
post-sonication. It is recommended to incorporate
these quality control steps into experiments using
aSyn PFFs to confirm certain properties of the aSyn

PFFs. Passing these quality control steps does not
guarantee the aSyn PFFs will generate pathology in
vitro or in vivo. Rather, these quality control experi-
ments should be used as general pass/fail criteria for
the PFFs whereby failure to pass the quality control
step indicates the need to re-make the aSyn PFFs but
passing the quality control step does not necessarily
ensure in vivo pathogenicity. In vivo pilot studies are
the only method for validating the in vivo pathogenic-
ity of aSyn PFF batches prior to long term in vivo
studies.

Validating successful conversion of aSyn
monomers to fibrils

To ensure aSyn monomers have successfully
aggregated into fibrils, it is recommended to perform
basic quality control experiments to verify resulting
fibrils exhibit the proper biophysical and biochem-
ical properties, as described below. Recommended
quality control experiments at this stage include, but
are not limited to, measuring protein concentration to
ensure accurate dilutions for formation and use, the
sedimentation assay to verify high molecular weight
species of aSyn, and the thioflavin T (ThT) assay to
confirm the beta sheet conformation that characterize
the amyloid-like PFFs. These assays are simple, low-
cost methods to quickly confirm aSyn concentration
and the successful formation of fibrils, and should
always be performed when generating a new batch of
aSyn PFFs (Figs. 1B, 4, and 5A, B).

The protein concentration used in the PFF model
can greatly impact the extent of pathology induced in
the model [35]. Therefore, the exact protein concen-
tration must be known in order to generate a robust,
reproducible model. Protein concentration should be
measured at multiple stages during the aSyn PFF
generation and use protocol (Fig. 1). The first mea-
surement of protein concentration should occur prior
to dilution and incubation of the monomer. This
measurement is important to verify the protein con-
centration reported in the datasheet and to accurately
dilute the solution to the 5 mg/mL final concentra-
tion. Protein concentration should be re-measured
after sample storage and prior to dilution, sonica-
tion, and use as protein levels have been shown
to diminish with long-term storage or freeze-thaw.
For protein determination, it is recommended to use
a spectrophotometer for direct A280 measurement
on a nanodrop device with Beer’s law to calculate
the concentration of aSyn within the sample. To
measure the concentration of synuclein, � for synu-
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clein is 5960 M–1 cm–1 for human synuclein and
7450 M–1 cm–1 for mouse synuclein. The BCA
protein assay can also be used to measure protein
concentration. If this assay is used, it is recom-
mended to use three dilutions of protein (in triplicate
for each dilution) to obtain accurate measurements.
Please note, the aggregated sample would need to
be disaggregated in order to accurately measure the
protein concentration; for this, denaturation agents
such guanidine chloride are recommended (Supple-
mentary Figure 2).

After the seven day incubation to convert the aSyn
monomers to fibrils, successful conversion should be
analyzed using the sedimentation and ThT assays
(Figs. 1B and 5A, B). A protocol for the sedimen-
tation assay can be found in the Supplementary
Material and in Volpicelli-Daley, Luk, and Lee [31].
When aSyn monomers have successfully assembled
into fibrils, the sedimentation assay should result in
the majority of protein in the pellet fraction compared
to the supernatant (Fig. 5B). If the sedimentation
assay results in higher protein levels in the soluble
fraction than the pellet, this may indicate a failure to
generate aSyn aggregates. In this case, it is recom-
mended to repeat the sedimentation assay to verify
results and discard the samples if greater protein lev-
els are again found in the solute vs the pellet.

Whereas the sedimentation assay indicates the gen-
eral presence of higher molecular weight species of
aSyn, the ThT assay provides slightly more informa-
tion on the higher molecular weight species of aSyn.
Specifically, the ThT assay analyzes the structure
of the higher molecular weight species to determine
whether they formed the typical cross-beta structure.
When aSyn fibrils have formed, the ThT assay should
result in readings 20–100 folder higher for human
aSyn PFFs as compared to human aSyn monomers
(Fig. 5A). Human aSyn PFFs will also result in higher
levels of ThT than murine aSyn PFFs, leading to
greater subtlety in differences between monomers
and PFFs in murine aSyn as compared to human aSyn
[51]. A protocol for the ThT assay can also be found
in the Supplementary Material.

Additional quality control experiments to validate
successful conversion of aSyn monomers to fibrils
include an imaging technique to visualize the size and
morphology of aggregates such as transmission elec-
tron microscopy (TEM) or atomic force microscopy
(AFM) (Figs. 3 and 5C), circular dichroism spec-
troscopy, or fourier-transform infrared spectroscopy
to verify structural changes in the aSyn protein
upon fibril formation [35]. When performing any

experiment to validate successful conversion of aSyn
monomers to fibrils, the fibrils should always be com-
pared to the monomeric starting material (Fig. 4).
Generally, outcome measures analyzing successful
conversion of aSyn monomers to fibrils will result in
binary results as the PFF protein is only compared
to the negative control monomeric protein. Adding
an aliquot of a previously-successful batch of aSyn
PFFs may increase the reproducibility across batches
and experiments by providing a positive control.

Validating successful preparation of aSyn PFFs
for experimental use

As mentioned previously, quality control exper-
iments to validate successful conversion of aSyn
monomers to PFFs should be performed regularly
with each new batch of PFFs. In contrast, the neces-
sity of performing experiments to validate successful
sonication and preparation of aSyn PFFs may vary
based on the end use of the aSyn PFFs or the investiga-
tor’s experience with the PFF generation protocol. In
general, experiments to validate successful prepara-
tion of aSyn PFFs should be performed exhaustively
when first establishing a PFF generation protocol or
when altering any step of the protocol. It is also
advisable to test multiple sonication parameters to
determine which parameters perform best for that lab,
as sonication effectiveness may differ based on the
sonicator, sample volume, buffers, protocol, or other
factors. Although an investment, these early opti-
mization and validation experiments could prevent
future issues that may be costly and time-consuming.
Once a protocol is established and successful prepara-
tion and sonication parameters have been repeatedly
validated the need for continued, exhaustive quality
control experiments is reduced and may be skipped
for short-term, low-risk experiments.

Validating successful preparation of aSyn PFFs for
experimental use occurs after dilution and sonication
of an aSyn PFF aliquot (Figs. 1C and 4) and should
seek to confirm aSyn PFF size and seeding capac-
ity (Fig. 5D–G). Similar to the earlier quality control
experiments, the monomeric aSyn starting material
should be used as the negative control and an aliquot
of a previous lot of aSyn PFFs that has demonstrated
success may be used as the positive control. Examples
of recommended techniques to analyze the average
size of the aSyn PFFs include TEM (Fig. 5F), AFM
(Fig. 3), and dynamic light scattering (Fig. 5G), which
can be performed when optimizing sonication param-
eters or validating an aSyn PFF sample before use in a
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Fig. 3. Analysis of the size and morphology of alpha-synuclein pre-formed fibrils (aSyn PFFs) after efficient sonication. A-B) Transmission
electron microscopy (TEM) images of aSyn PFFs (A) pre-sonication and (B) post-sonication. A) aSyn PFFs pre-sonication are long fibrils
with beta-sheet structure. Scale bars = 50 nm. B) aSyn PFFs that have been efficiently sonicated are short fibrils that keep the beta-sheet
conformation. Scale bars = 50 nm. C) Atomic force microscopy (AFM) analysis of sonicated aSyn PFFs to determine size of the sonicated
PFFs. D) Size distribution of the aSyn PFFs after sonication as determined by values obtained from statistical analysis of the aggregates
identified in the atomic force microscopy images (C). aSyn, alpha-synuclein; PFF, pre-formed fibril.

long-term study. Examples of recommended experi-
ments to analyze seeding capacity include the in vitro
seeding assay (Fig. 5D), which can be performed
when optimizing sonication parameters or validat-
ing a sample before use, or the ThT kinetic seeding
assay (Fig. 5E), which is recommended when testing
multiple sonication parameters.

The length of the fibrils is extremely important
for the pathogenicity of the aSyn PFFs. Studies have
demonstrated that aSyn PFFs 50 nm or smaller seed
the most pathology in vitro and in vivo [35, 47].
If the average size of the aSyn PFFs in a sample
is greater than 50 nm, pathology will be reduced
or absent. Therefore, adequate sonication and con-

firmation of small fibrils are extremely important
before embarking on a long-term in vivo study or a
study investigating a costly therapeutic intervention
or outcome measure. The gold standard method for
confirming sonication and fibril size is the statistical
analysis of TEM/AFM images (Fig. 5F). This out-
come measure provides a direct measure of average
fibril size and provides the additional advantage of
allowing analysis of fibril shape, morphology, and
sample purity.

If access to TEM/AFM facilities are limited
and analysis pre-injection is not feasible, it is
recommended to retain a portion of the sample used
for injection and perform the sample imaging anal-
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Fig. 4. Schematic depiction of the workflow for generating, validating, and using alpha-synuclein pre-formed fibrils (aSyn PFFs) as the
experimental protein and aSyn monomers as the control protein. When using aSyn PFFs as the experimental protein and aSyn monomers as
the control, the first step for preparation and use of both samples is to defrost the specially-formulated aSyn monomers for PFF generation
on ice and to preform endotoxin cleanup, if required (Green box). Once thawed, the sample should be divided in two, with half designated
for use as the monomeric control protein (Blue boxes) and the other half destined for generation of PFFs (Orange boxes). Protocols for
generating aSyn PFFs are located in the Supplementary Material, Fig. 1, and the cited literature. After the PFFs have been generated, aliquot
into single use tubes of 5 mg/ml and store at –80◦C for long-term storage or room temperature for short term storage. Use one aliquot to
validate proper fibril formation (see Fig. 5A–C). Once fibril formation has been confirmed, sonication parameters must be validated. For this,
use one aliquot (if stored at –80◦C, defrost and keep at room temperature), dilute to the desired working concentration, and sonicate. After
sonication, the fibril size and pathogenicity must be validated (see Fig. 5D–G). Similarly, aSyn monomers for the control samples should
be aliquotted into single-use tubes at ≤7.5 mg/ml, validated alongside the aSyn PFFs as the control, and stored at –80◦C. These validation
steps should be performed in advance of use in order to confirm proper sample composition and to verify sonication parameters. On the
day of use, defrost one aliquot of the aSyn PFFS (thaw at room temperature if frozen) and aSyn monomers (thaw on ice). Prepare using the
validated dilutions and—in the case of the aSyn PFFs—sonication parameters tested previously. At this step it may be wise to again confirm
sample composition via electron microscopy before use. Keep the aSyn PFFs at room temperature and the aSyn monomers on ice during
use. Mix solutions between injections to ensure the larger aggregates do not pellet and lead to sample heterogeneity. A sample can be used
for four hours before it should be replaced by a new sample. aSyn, alpha-synuclein; PFF, pre-formed fibrils; RT, room temperature; EM,
electron microscopy; hrs, hours.

ysis shortly after the surgical session. In that case,
the PFF sample should be kept at room temperature
and analyzed within one week of use. However, sam-
ples should be analyzed shortly before/after use as
the sonicated fibrils can change over time (Supple-
mentary Figure 1). An alternative outcome measure
for analyzing fibril size when TEM/AFM is not avail-
able is dynamic light scattering (Fig. 5G). Similarly,
it is recommended to perform dynamic light scatter-
ing on a portion of the sonicated PFF samples prior
to use and to compare the results of the PFF sample
to the monomeric starting material and the unsoni-
cated fibrillar sample. Although this method does not
allow direct visualizing of fibril size, morphology,
or purity, it will give an indication of sonication effi-
ciency [35]. Regardless of the method used to analyze

fibril size post-sonication, confirmation that sonica-
tion resulted in the majority of fibrils 50 nm or smaller
is an important quality control measure and should
not be overlooked.

Similarly, analyzing seeding capacity of the pre-
pared aSyn PFF sample is an important step in
validating a sample or protocol before embarking on
a long-term or expensive study. This quality control
step is highly recommended when first establishing
or when altering the PFF generation protocol to ver-
ify the formation of aSyn PFFs that have the ability
to seed pathology. There are multiple methods for
analyzing seeding capacity of PFF samples. These
include in vitro seeding assays in primary neuron
cultures, in vitro seeding assays in aSyn-expressing
or -overexpressing cell lines, and ThT kinetic seed-
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Fig. 5. Recommended quality control experiments to verify proper alpha-synuclein (aSyn) fibril formation and preparation. Depiction of
recommended quality control experiments (denoted with *) or supplemental quality control experiments with expected results. A–C) After
the aSyn PFFs are generated from the monomeric starting material (Fig. 1B), samples should visually appear opaque and should be validated
to confirm (A) amyloid conformation of the fibrils and (B–C) formation of long fibrillar protein aggregates. These validation efforts should
be performed with every new batch of aSyn PFFs. A) The thioflavin T (ThT) assay is recommended to confirm presence of beta-sheet
structures. Expected results include high levels of ThT fluorescent signal with PFFs as compared to monomers. It should be noted that human
aSyn PFFs will elicit a stronger ThT signal than mouse aSyn PFFs [51]. B) The sedimentation assay is recommended to confirm aggregate
formation in aSyn PFF samples. Expected results include substantially more protein in the pellet (pel) fraction as compared to the supernatant
(sup) fraction for aSyn PFFs and the opposite result for monomeric aSyn protein. C) If sedimentation assays are not feasible or additional
quality control is desired, electron microscopy is recommended to visualize the aSyn PFFs. Electron microscopy results should primarily
show elongated fibrils. Scale bars = 50 nm. D–H) aSyn PFFs should again be validated post-sonication (Fig. 1C) to confirm (D–E) seeding
capacity, (F–G) proper size of sonicated aSyn PFFs, and (H) in vivo pathogenicty. These validation efforts are at a minimum recommended
when establishing or changing sonication parameters or before long-term in vivo studies. D–E) Seeding capacity should be confirmed using
either (D) in vitro seeding experiments or (E) the ThT kinetic assay. D) In vitro seeding experiments are recommended for confirming
the pathogenicity of aSyn fibrils as this will model the conversion of endogenous aSyn into pS129 aSyn in neurons after incubation with
aSyn PFFs. Expected results include high levels of pS129 staining post-incubation with aSyn PFFs but no appreciable pS129 aSyn staining
post-incubation with monomers or inadequately sonicated PFFs. Scale bar = 50 �m. E) If in vitro seeding assays are not feasible, the ThT
kinetic assay may be used to confirm seeding capacity of aSyn PFF samples. Expected results include no increase in ThT fluorescence with
addition of monomers and an increasing rate of ThT fluorescence with increased sonication time, indicating more pathogenic fibrils [35].
This assay is recommended when comparing different sonication parameters or when used with a positive control as the rate of increase or
peak fluorescence levels may vary between runs and comparing only sonicated PFFs to monomers will not be informative. F–G) Average
fibril size should also be confirmed post-sonication and before use by either (F) electron microscopy or (G) dynamic light scattering (DLS).
F) Electron microscopy is recommended for visualizing sonicated aSyn PFFs to confirm size and uniformity of aggregates. The majority of
fibrils analyzed should be 50 nm or smaller to elicit high levels of pathology (graph inset indicates average fibril size). Scale bars = 50 nm. G)
If electron microscopy is not feasible or additional quality control is desired, DLS may be used to analyze fibril size [35]. Again, the majority
of fibrils should be 50 nm or smaller to properly seed pathology. This graph depicts DLS data for fibrils separated by size. H) If using aSyn
PFFs in a long-term in vivo study, it is highly recommended to perform a short term in vivo pilot study to verify in vivo pathogenicity and
injection parameters. Thirty days post-injection may be sufficient to visualize early aSyn pathology by pS129 aSyn staining in the mouse [51]
or rat [34] brain following striatal injection of mouse aSyn PFFs, although longer time points may be required. sup, supernatant; pel, pellet;
aSyn, alpha-synuclein; PFF, pre-formed fibril; ThT, thioflavin T; AU, arbitrary units; sec, seconds; p-�-syn, alpha-synuclein phosphorylated
at S129; M.W., molecular weight.

ing assays (Fig. 5D, E). With all three methods, aSyn
PFFs should be compared to the monomeric aSyn
starting material for a negative control and can be
compared to a previously successful batch of aSyn
PFFs for a positive control.

Evaluating the ability of aSyn PFFs to generate
pS129 aSyn pathology in vitro in mouse primary
neuronal cultures is the most relevant method for
analyzing seeding capacity of an aSyn PFF sample
prior to in vivo use (Fig. 5D). This assay is preferred
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over the other two methods as primary mouse neu-
ronal cultures express endogenous forms of aSyn at
normal levels, cells are not immortalized, and the
cell species is similar or identical to the species of
animal receiving the in vivo injection. A detailed
protocol for analyzing the seeding capacity of aSyn
PFFs in primary neuronal cultures is provided in
Volpicelli-Daley, Luk, and Lee [31]. Additional con-
siderations for using aSyn PFFs in primary neuronal
cultures can be found in the subsequent section of this
manuscript. If primary neuronal cultures are not fea-
sible or desired, seeding capacity of aSyn PFFs can
also be analyzed using in vitro cultures of cell lines
overexpressing aSyn, such as SH-SY5Y cells [32, 46,
47] or HEK293 cells [32]. However, these cell lines
provide a more artificial system in that they express
aSyn at supraphysiological levels and they are not
from the species that will receive the in vivo injection.
Therefore, caution must be used when generalizing
in vitro results from aSyn-overexpressing cell lines to
predictions of in vivo seeding capacity of aSyn PFFs.

Another method for analyzing seeding capacity
is the ThT kinetic seeding assay (Fig. 5E). In this
assay, a small amount of aSyn PFFs are introduced to
recombinant aSyn monomeric protein and the rate
of ThT fluorescence intensity is recorded at vari-
ous time points post-induction [35, 46, 47, 49]. This
method is best used when comparing different sonica-
tion parameters or aSyn species rather than analyzing
one PFF sample vs the monomeric control as there is
no threshold the assay must reach in terms of rate of
ThT intensity or level of ThT intensity to deem the
reaction successful.

Additionally, one may consider a short, in vivo
pilot study before embarking on a long-term in vivo
study (Fig. 5H). This quality control step is especially
important when altering or adopting new aSyn PFF
generation protocols as the aSyn PFF model often-
times requires months for a phenotype to develop,
thereby resulting in a substantial loss of time and
resources if the fibrils are not pathogenic. An in
vivo pilot study is the only quality control method
that will evaluate in vivo pathogenicity. Although
the other quality control methods proposed will pro-
vide evidence for the presence of desirable traits in
the fibrils (Fig. 5A–G), none of these completely
correlate with in vivo success. Therefore, investiga-
tors should remember to use the proposed quality
control methods in Fig. 5A–G as general pass/fail
criteria whereby failure suggests the need to remake
the PFFs and success suggests likely (but not guar-
anteed) pathology when introduced in vivo. For pilot

studies, analysis at 30 days post-injection (dpi) is gen-
erally enough time to induce robust pS129 pathology
in the rat [34] and mouse [51] brain after striatal injec-
tion, although rates of pathology may differ based on
the species of aSyn PFFs, the rodent strain, the tar-
get structure, and the aSyn PFF dose, among other
factors.

The aSyn PFF model is a robust, reproducible
model when the PFF generation protocol has been
validated and adapted for use in a lab. The need
to extensively characterize the aSyn PFF samples
before use decreases after a protocol is successfully
used multiple times. In such cases, the ThT and sedi-
mentation assays could suffice to validate successful
PFF generation before use in vitro or in a short in
vivo study. Before long-term/costly in vivo studies or
after long-term storage of aSyn PFFs, however, it is
still recommended to analyze aSyn PFF size, seeding
capacity, and possibly in vivo performance before use
even if the protocol has been validated previously. In
these cases, an upfront investment in quality control
and validation of aSyn PFFs may prevent the failure
of a large, long-term in vivo study.

CONSIDERATIONS FOR THE USE OF
ALPHA-SYNUCLEIN PRE-FORMED
FIBRILS IN CULTURE OR
INTRACEREBRAL INJECTION

After aSyn PFF samples have been generated, son-
icated, and validated, they are ready for use in in
vitro and in vivo experiments (Figs. 1 and 4). At this
point, appropriate study designs and optimized pro-
tocols must be used to ensure a preclinical model
is successfully generated for accurate modeling of
aSyn biology and testing of therapeutic interventions.
Important considerations for this step include choos-
ing the appropriate control and experimental proteins,
choosing an amenable cell line for in vitro studies,
and using optimized surgical procedures for in vivo
studies.

Choosing the appropriate species of
alpha-synuclein pre-formed fibrils

Choosing the appropriate species of recombinant
aSyn to generate PFFs is a critical step of design-
ing and using the aSyn PFF model as the species of
aSyn used can impact the level of pathology induced
and the rate of progression of the pathological phe-
notypes. Generally, greater homology between the
host and species of recombinant aSyn protein will
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result in greater pathology in vitro and in vivo. This
has been demonstrated at the level of seeding recom-
binant protein as human aSyn PFFs are much more
effective at templating amyloid-formation of human
aSyn monomers than mouse aSyn monomers when
measured by the ThT kinetic seeding assay [44, 51].
Similarly, mouse aSyn PFFs seed amyloid-structure
formation in mouse aSyn monomers more effectively
than human aSyn monomers [51]. The importance of
species homology between the aSyn PFF and host
was confirmed in vitro with higher levels of pS129
aSyn staining, soluble aSyn, and insoluble aSyn in
mouse primary hippocampal neuron cultures follow-
ing incubation with mouse aSyn PFFs versus human
aSyn PFFs [51], although other studies have reported
relatively similar levels of seeding between mouse
and human aSyn PFFs in vitro [35].

In vivo, pathology is more severe and rapid with
greater species homology. Intrastriatal injection of
mouse aSyn PFFs in mice resulted in pS129 aSyn
pathology at 30 dpi, whereas pathology was absent
at this time point following injection of human aSyn
PFFs [51]. At 180 dpi, mouse aSyn PFFs resulted
in pS129 aSyn in 38% of dopaminergic neurons,
whereas human aSyn PFFs resulted in pS129 aSyn
in only 20% of dopaminergic neurons—affirming the
ability of human aSyn PFFs to seed pathology in mice
but to a lesser extent than mouse aSyn PFFs. Further-
more, significant dopaminergic neuron degeneration
was observed in mice at 180 dpi of mouse aSyn PFFs
(∼40% degeneration) but no significant decrease in
dopaminergic neuron numbers was observed at 180
dpi of human aSyn PFFs [51]. This phenomenon may
also occur in rats, as previous reports have indicated
that mouse aSyn PFFs can trigger pathology in wild-
type rats [34] whereas human aSyn PFFs require the
overexpression of aSyn for adequate pathology to
develop [52]. Taken together, these results highlight
the importance of factoring in species differences
between host species and recombinant aSyn protein
when designing studies to ensure adequate levels of
pS129 aSyn pathology and neuronal degeneration are
obtained at the chosen time points.

Choosing the proper control for the
alpha-synuclein pre-formed fibril model

Currently, the most highly recommended control
for the aSyn PFF model is the aSyn monomeric pro-
tein starting material. If monomers are to be used as
the control, it is recommended to remove endotoxins
and add an additional centrifugation step before use

as endotoxins and low levels of spontaneous aggre-
gates in the monomeric protein sample may seed a
small number of pS129 aSyn-positive aggregates in
the SNpc at 6 months post-injection [34]. When pre-
pared correctly by controlling for endotoxin units and
spontaneous aggregates, aSyn monomers will fail to
induce pathology in vitro and in vivo [34, 35, 47] and
will provide the added benefit of serving as a control
for injection of a foreign protein that is identical to
the protein used to generate the aSyn PFFs. If using
the aSyn monomeric starting material as the control, a
large quantity of aSyn monomers should be ordered
or generated, with a portion of that protein used to
generate aSyn PFFs and a portion kept for use as the
control protein (Fig. 4). This will ensure that the aSyn
monomers and PFFs are from the same lot of protein
to avoid any confounds that may arise with separate
protein batches or shipping/handling.

Importantly, precautions should be taken to mea-
sure and minimize endotoxin in monomeric protein
samples. In particular, aSyn monomers purified from
bacterial cell expression systems such as E. coli may
have high levels of endotoxin units (EUs) that can
persist after PFF generation or if monomers are used
as a control protein. Even at moderate levels, EUs can
trigger an inflammatory response or induce toxicity
in cells and therefore should be avoided in the control
samples. It is recommended that EU levels should be
<0.5 EU/mL or <0.05 EU/mg at 10 mg/mL protein.
The Pierce High Capacity Endotoxin Removal Kit
is a reliable method for removing endotoxin from
monomers but may result in considerable loss of
sample during the process. If endotoxin removal is
required, it is recommended to generate or purchase
extra monomeric protein to account for this potential
loss and to perform endotoxin removal prior to fibril
generation (Fig. 4). If using the aSyn monomeric pro-
tein as the control, it should also be noted that an addi-
tional centrifugation step before use—like that at the
beginning of the protocol—should be considered as
this will remove spontaneous aggregates and prevent
low levels of pathology that may ensue (Fig. 1) [31].

Aside from aSyn monomers, other controls have
been used in aSyn PFF experiments. The second
most common control is PBS, as this control is
guaranteed to not produce toxicity [29–31, 51]. How-
ever, the injection of saline does not control for
the introduction of a foreign protein to the brain.
Aggregation-incompetent forms of aSyn have also
been suggested as a control for the aSyn PFF model.
These forms of aSyn offer the advantage of allow-
ing the sample to undergo the same pretreatment as
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the aSyn PFFs (heat, shaking, sonication) to control
for the effects of these treatments on the protein.
Although aggregation-incompetent forms of aSyn
have shown promising results as a control in in vitro
experiments [44], these proteins have not been tested
in vivo. Serum albumin has also been suggested as
a control for aSyn PFF experiments as this protein
would control for the introduction of a larger protein
in the brain and would therefore control for protein
size and uptake. However, serum albumin may acti-
vate microglia in the local environment and should
not be used as a control when microglial activation is
an important variable at the injection site. With these
benefits and caveats in mind, the aSyn monomeric
starting material is still the most recommended con-
trol for the aSyn PFF model.

Use of aSyn PFFs for in vitro studies

As mentioned previously, there are multiple meth-
ods for studying aSyn PFF seeding and toxicity in
vitro, including the use of primary neuronal cul-
tures or immortalized human cell lines expressing
aSyn. It is recommended to use primary neuronal
cultures first and foremost, as these cultures express
physiologically-relevant levels of aSyn and are not
immortalized. The most effective primary neuronal
cultures for aSyn PFF seeding are mouse hippocam-
pal cultures. Rationale and a protocol for culturing
mouse primary hippocampal neurons can be found
in Volpicelli-Daley, Luk, and Lee [31]. Briefly, hip-
pocampal neurons are more efficient in seeding aSyn
pathology than mesencephalic neuronal cultures, are
well-characterized for morphological and physiolog-
ical characteristics in vitro, and hippocampal cultures
produce enough neurons for multiple outcome mea-
sures [31]. Furthermore, mouse primary cultures are
recommended over rat primary cultures as rat primary
neuron cultures do not consistently seed mouse aSyn
PFF or human aSyn PFF pathology well. It is unclear
as to whether this is due to species homology issues,
lower levels of endogenous aSyn expression, or other
factors.

Use of aSyn PFFs for in vivo studies

When using aSyn PFFs for in vivo studies, it is
recommended to use freshly-generated aSyn PFFs
rather than frozen aliquots of aSyn PFFs. In this case,
aSyn PFFs should be generated 1-2 weeks before the
surgical session and stored in single-use aliquots at
room temperature. Quality control experiments such

as the ThT assay and sedimentation assay can be per-
formed during this 1–2 week window using an aliquot
of the prepared sample. Preparation of the aSyn PFFs
and/or aSyn monomers for use—including dilution
and sonication—should be performed using validated
protocols on the day of surgery (Figs. 1C and 4). If an
8-hour surgical session is planned, it is recommended
to prepare and use one aliquot of aSyn PFFs in the
morning and to prepare and use a separate aliquot
of aSyn PFFs from the same batch in the afternoon.
Many groups advise against using a sonicated aSyn
PFF aliquot for longer than four hours as the soni-
cated aSyn PFF samples may not remain stable over
time (Supplementary Figure 1B). Nonetheless, there
remains some debate as to fibril stability so this rec-
ommendation is made primarily out of caution as this
storage duration has been validated (Supplementary
Figure 1B). If using aSyn PFF samples longer than
4 hours, it is recommended to perform a time course
experiment to determine acceptable post-sonication
sample viability.

During the surgical session, aSyn PFFs and
monomers must be kept at the correct temperature
and precautions must be taken to ensure the sample
remains homogeneous. Sonicated aSyn PFF samples
must be kept at room temperature to prevent degra-
dation [46, 49] (Supplementary Figure 1A). Prior to
each injection, the aliquot of aSyn PFFs should be
mixed by pipetting up and down to prevent aggregates
from pelleting over time. It is not advisable to soni-
cate the aSyn PFF sample between injections as this
will generate different sizes of aSyn PFFs and result
in variations within the aSyn PFF-injected cohort. If
aSyn monomers are used as the control for an in vivo
study, aliquots of aSyn monomers should be kept on
ice to prevent spontaneous aggregation.

For intracerebral injections, it is recommended to
use a pulled pipette glass needle attached to a Hamil-
ton syringe to minimize tissue injury and reduce
non-target placement and infusion [34], although
other groups have reported success using a Hamilton
syringe directly [29, 30, 35, 42, 51]. When per-
forming the injection, it is strongly recommended
to slowly infuse the injectate at a rate of at least
0.5 �l/minute and to leave the needle in place 2–5
minutes after each injection to allow the solution to
permeate the parenchyma and prevent the solution
from being suctioned up the needle tract. By far, the
striatum is the most common target for aSyn PFF
injections [29, 30, 34, 35, 47, 51], with injection into
the dorsal striatum leading to midbrain pathology
specifically in the SNpc (Fig. 6). Other targets include
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Fig. 6. Optimized striatal injection coordinates for use in the rat alpha-synuclein pre-formed fibril (aSyn PFF) model. A–B) Comparison
of pS129 aSyn expression in the ipsilateral midbrain after two site striatal injections using (A) original, traditionally-used coordinates [34]
or (B) optimized coordinates guided by recent findings revealing distinct SNpc-striatal innervation patterns [54]. Neuroanatomical atlas
images from Paxinos and Watson [58] depict the general coordinates used for injection. Representative low and high magnification images
are shown for ipsilateral midbrain stained with cresyl violet (purple) and antibodies directed against pS129 aSyn (brown). A) Traditional
injection coordinates involve injection into the dorsomedial striatum (DMS) and ventrolateral striatum (VLS). Injection into these coordinates
induces robust pS129 aSyn expression in the SNpc as well as the ventral tegmental area (VTA). B) Optimized injection coordinates involve
injection into the DMS as well as the dorsolateral striatum (DLS). Injection into these coordinates induces robust pS129 aSyn expression
that is localized primarily to the SNpc and absent from the VTA. C–D) Quantitation of the percentage of pS129 aggregates in the (C)
SNpc or (D) VTA following injection using the original (DMS + VLS) or optimized (DMS + DLS) injection coordinates. Injection using the
original coordinates results in ∼80% of aggregates in the SNpc and ∼20% of aggregates in the VTA whereas injection using the optimized
coordinates results in ∼90% of aggregates in the SNpc and ∼10% of aggregates in the VTA. Mean values are shown with error bars denoting
standard error of the mean. aSyn, alpha-synuclein; PFF, pre-formed fibril; DMS, dorsomedial striatum; VLS, ventrolateral striatum; DLS,
dorsolateral striatum; SNpc, substantia nigra pars compacta; VTA, ventral tegemental area; pS129 aSyn, alpha-synuclein phosphorylated at
S129.

the SNpc [35, 42], the cortex [41] and the cortex in
conjunction with the striatum [29], among others.
Injection coordinates are available in the published
literature for these sites.

Optimization of injection parameters is recom-
mended before embarking on a long-term study. At
times, injection coordinates may need to be refined
based on the dose/volume of aSyn PFFs used or
the target structure. For instance, recent optimization
efforts for striatal injections in rats have indicated that
targeting the dorsal striatum in contrast to the ven-
tral striatum results in better pS129 pathology in the
SNpc while avoiding innervation to the nearby ventral
tegmental area (VTA) (Fig. 6) [54]. By performing
a short-term pilot study, investigators can analyze

injection volume, PFF concentration, needle place-
ment, infusion success, and verify pathogenicity of
the aSyn PFFs in vivo.

Similar to species homology affecting the rate of
aSyn pathology in vivo, the rodent strain may also
affect the rate of pathology and phenotype. Mice
from the following genetic backgrounds have been
used successfully with the PFF-seeding paradigm:
C57Bl/6J [55, 42], C57Bl/6/ C3H [30, 56], CD-1
[57], and C3H/HeJ [35]. Sprague-Dawley rats have
also been used successfully for the aSyn PFF model
[34, 52]. The rodent strain should be chosen based
on the desired rate of pathology, extent of pathol-
ogy, pathological markers, and outcome measures or
techniques.
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Fig. 7. Common pitfalls in the alpha-synuclein pre-formed fibril (aSyn PFF) model and solutions for avoiding these mistakes. Six common
issues that lead to lack of pathology or other issues in the aSyn PFF model include (A) using an incompatible protein as the monomeric starting
material or injected material, (B) forming PFFs in an incompatible buffer, (C) storing or keeping solutions at the incorrect temperature, (D)
inadequately sonicating the aSyn PFF sample, (E) failing to validate the aSyn PFFs have the proper biophysical and biochemical properties,
and (F) choosing an unideal control or not accounting for the control when reserving aSyn monomeric protein. These are six very important
factors to which attention should be paid and caution should be taken to avoid. Guidelines for how to avoid these pitfalls are included as
well. aSyn, alpha-synuclein; PFF, pre-formed fibril; RT, room temperature.

Safety considerations when using
alpha-synulcein pre-formed fibrils

Importantly, the ability of the aSyn PFFs to seed
pathology in vivo leads to concerns over safety pre-
cautions that must be taken when handling these
proteins. Precautions must be taken when sonicat-
ing aSyn PFFs during preparation to reduce the risk
of inhaling the aerosolized proteins. For this step, it
is recommended to sonicate the aSyn PFF samples in
a BSL-2 level safety hood that is externally ducted
and does not re-circulate exhaust into the laboratory
space. In addition, precautions must be taken when
handling the aSyn PFF solution to prevent contami-
nation of oneself and reusable laboratory materials.
Proper safety attire should be worn when working
with aSyn PFF samples to avoid coming in direct con-
tact with the aSyn PFFs. Proper methods should be
used to clean reusable materials that come in contact
with the aSyn PFF solution. An effective detergent-
based method for removing aSyn assemblies from
plastic, glass, aluminum, and stainless steel surfaces
is described in Bousset et al. [50].

CONCLUSIONS

Although a useful model with unique benefits, the
aSyn PFF model presents key challenges that have
made it occasionally difficult to adopt. By raising

awareness to these challenges and presenting solu-
tions to avoid these pitfalls, The Michael J. Fox
Foundation strives to enhance the robustness and
reproducibility of this model. With the help of experts
and input from the broader scientific community,
MJFF has identified common challenges/missteps in
the generation, validation, and use of the recombinant
aSyn PFF protein to generate the aSyn PFF model.
A summary of the common mistakes and solutions
presented in this manuscript can be found in Fig. 7.
With this information, investigators should be able to
avoid many of the difficulties that have been previ-
ously reported by others who have attempted to use
the aSyn PFF model. Increasing the robustness of the
aSyn PFF model should hopefully providing a new
avenue to improve understanding in the biology of
PD and develop new disease-modifying treatments
for this neurodegenerative disease.
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