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Abstract. Pre-formed fibrils (PFFs) made from recombinant �-synuclein are broadly used throughout the field in cellular and
animal models of Parkinson’s disease. However, their ability to successfully recapitulate disease biology is a controversial
topic. In this article, two researchers debate this issue with Amanda Woerman taking the view that PFFs are a model of
synucleinopathy but not Parkinson’s disease, while Kelvin Luk defends their use as an important tool in the field.

Plain Language Summary.
Parkinson’s disease patients develop accumulations of misfolded proteins in the brain called Lewy bodies. An important
protein found in Lewy bodies is �-synuclein, which aggregates into large fibrils that are thought to have toxic effects on
neurons. To study the effect of �-synuclein fibrils, many scientists use pre-formed fibrils (PFFs), which are �-synuclein
fibrils made in the lab under a variety of conditions. In this article, two researchers will debate the use of PFFs as a model
of Parkinson’s disease. Amanda Woerman discusses the data suggesting why PFFs are an inadequate tool for understanding
Parkinson’s disease. Kelvin Luk discusses the data supporting the use of PFFs as a Parkinson’s disease model.
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PRE-FORMED FIBRILS ARE NOT A
MODEL OF PARKINSON’S DISEASE

Parkinson’s disease (PD) is a neurodegenerative
disorder that is neuropathologically defined by the
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presence of Lewy bodies (LB) and Lewy neurites in
neurons. These inclusions contain a misfolded con-
formation of the protein �-synuclein and are known
to be particularly toxic to dopaminergic neurons in
the substantia nigra. While previous attempts to use
fetal tissue grafts to replace the lost dopaminergic
neurons were unsuccessful therapeutically, the find-
ing that LBs spread from the host to the grafted tissue
in patients surviving >10 years post-transplant led to
the discovery that pathogenic �-synuclein can spread
from cell-to-cell to cause disease.1 This key finding
served as an important catalyst leading to extensive
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and ongoing research investigating the ability of �-
synuclein to use the prion mechanism of disease to
cause progressive degeneration in PD patients. To
enable this work, pre-formed fibrils (PFFs) made
from recombinant �-synuclein monomer emerged as
a leading source of pathogenic or fibrillar protein
for cellular and animal models of disease. Currently,
either mouse or human �-synuclein fibrils (both wild-
type and mutant) are made using a variety of buffer
conditions, or human �-synuclein fibrils are ‘seeded’
by spiking in PD patient samples to induce amplifi-
cation of the pathogenic conformation. These fibrils
are then used in cellular and animal models of disease
to investigate a wide range of questions related to PD
pathogenesis, as well as in drug discovery programs
around the world. However, as is detailed below, nei-
ther the spontaneously formed PFFs nor the currently
available methods for generating amplified fibrils are
capable of replicating disease-relevant �-synuclein
conformations or structures, raising major concerns
about the relevance of the data generated using PFFs
in understanding PD pathogenesis.

To understand the importance of �-synuclein con-
formation in studying PD, we must draw on key
lessons about protein misfolding diseases first learned
in the prion field. An important early argument
against Dr. Stanley Prusiner’s protein-only hypoth-
esis was the need to explain how a single protein
could cause a variety of distinct clinicopathological
diseases, such as Creutzfeldt-Jakob disease (CJD)
and fatal familial insomnia, in the absence of a
nucleic acid. What emerged from this debate is the
strain hypothesis, which argues that the conforma-
tion a protein misfolds into determines the disease
an individual will develop.2 Because each protein
conformation has unique biochemical and biophys-
ical properties, these structures differ in the rate of
fibril elongation and fragmentation, the length of
pre-clinical and clinical stages of disease, and the
regions of selective vulnerability in the brain that
determine the clinical signs a patient exhibits. Several
decades of research relied on these measures in ani-
mal models, along with fingerprints of biochemical
stability, to differentiate between prion strains. How-
ever, recent advances in cryo-electron microscopy
(cryo-EM) have finally enabled prion biologists to
truly investigate the structure-function relationship
underlying each prion strain.

An important example of this impact is seen in the
recent cryo-EM structures of three laboratory strains
derived from sheep scrapie—aRML and a22L from
mice3,4 and 263K from hamsters.5 The three confor-

mations share an almost identical arrangement of the
N-terminal residues of the prion protein but exhibit
substantial structural variability in the C-terminal
disulfide arches (Fig. 1). The profound impact of
the structural rearrangement of a small portion of
the overall conformation on the resulting disease
measures (e.g., clinical signs, pathology distribution,
host species susceptibility) underscores the ability of
minor changes in protein conformation to exert sub-
stantial impacts on disease pathogenesis. The effect
of prion strain has also greatly impacted therapeutic
development for human prion diseases. Human prion
strains do not replicate in cultured cells, which led
to the use of lab strains in drug discovery screening
assays. A prominent example of this was the use of the
RML strain to identify the small molecule IND24, a 2-
aminothiazole that inhibits prion replication through
an unknown mechanism both in vitro and in vivo.
IND24 doubles the lifespan of mice inoculated with
RML prions, and is also effective against the ME7,
22L, and chronic wasting disease strains.6 However,
it has no effect on mice inoculated with human CJD
prions or two natural scrapie isolates, SSBP/1 and
CH1641.6

These fundamental findings demonstrate a critical
facet of protein misfolding diseases: structure dic-
tates dysfunction. The strain you choose to use in
your experiment is the strain you are learning about.
It remains unknown how much of the knowledge
gained from studies using one strain will pertain
or be relevant to other strains of the same protein.
This reasoning resulted in an important shift away
from the use of recombinant tau fibrils in research
on human tauopathies. In 2019, cryo-EM studies
showed that the conformations adopted by heparin-
induced tau fibrils are distinct from those found in
human patient samples.7 As a result, tau research
has recently shifted to using disease-associated fib-
rils, rather than laboratory-derived conformations, to
facilitate tauopathy-specific studies.

While there are important differences between
prion diseases and other proteinopathies, including
tauopathies and synucleinopathies, there are also
notable similarities. As discussed earlier for prion
diseases, synucleinopathies consist of multiple dis-
orders, which structural, biological, and biochemical
data indicate are caused by distinct �-synuclein
strains. Moreover, cryo-EM data for each of these
proteins, including the prion protein, tau, and �-
synuclein, indicate that the structural changes that
occur during misfolding result in a predominantly
flat conformation with in-register templating that is



A.L. Woerman and K.C. Luk / Can PFFs Serve as a Model of PD? 1097

Fig. 1. Small changes in protein structure underly distinct strain properties. Cryo-EM structures of rodent-adapted and lab cloned
scrapie strains show a conserved N-terminal sequence in (A) aRML (PDB ID: 7TD6), (B) a22L (PDB ID: 8EFU), and (C) 263K (PDB
ID: 7LNA) prion strains. Variation is largely restricted to the C-terminal disulfide arches, highlighted in periwinkle. aRML and a22L were
isolated from mouse brain homogenates3,4 and 263K was isolated from hamster brain homogenates.5

likely driven by similar mechanisms. Moreover, sev-
eral early studies using PFFs were important for
establishing the protein-only hypothesis for the cell-
to-cell spread of misfolded �-synuclein, as occurs in
prion disease.

Consistent with the previously discussed research
on prion diseases and tauopathies, the synucleinopa-
thy literature is also rife with data pointing to distinct
biological consequences arising from differences in
�-synuclein fibril conformation. In addition to the
cryo-EM structures of fibrils isolated from patients
with LB diseases,8 multiple system atrophy (MSA),9

and juvenile-onset synucleinopathy,10 PFFs gener-
ated under different buffer conditions are repeatedly
shown to induce distinct pathologies, clinical signs,
and strain properties after inoculation into wild-
type or transgenic mouse models (reviewed in11,12).
Notably, none of the PFF conformations reported
to date show structural homology with the confor-
mations resolved from human LB disease patient
samples (Fig. 2). While there may be shared struc-
tural motifs, the cryo-EM data for aRML, a22L, and
263K emphasize the profound impact that small dif-

ferences in protein conformation have on disease
biology. As a result, it is unclear which datasets gen-
erated using PFFs are consistent with the underlying
disease biology in PD. Differences in protein source
and length, buffer conditions, and fibrillization con-
ditions all influence the resulting PFF conformation,
and the biological consequences of each structure
have not been fully investigated (discussed in12). In
an ideal world, we would be able to pair biological
data with cryo-EM structures for every PFF confor-
mation generated, which would enable the field to
probe the structure-function relationship for each �-
synuclein strain. However, in the absence of these
data, it is not only unclear what data are disease-
relevant, but it is also unclear how we can accurately
interpret conflicting findings in the literature.

To overcome this limitation, many groups have
moved to using PFFs generated by ‘seeding’ the fib-
rillization reaction with the pathogenic �-synuclein
in PD patient samples. In these experiments, recom-
binant monomer is incubated with a small amount
of patient sample that is spiked into the reaction
to induce protein misfolding. This approach, often



1098 A.L. Woerman and K.C. Luk / Can PFFs Serve as a Model of PD?

Fig. 2. PFFs do not adopt the same �-synuclein conformation that is present in Lewy bodies. A) The cryo-EM structure of �-synuclein
fibrils isolated from patients with Lewy body (LB) diseases (PDB ID: 8A9L, published in8) differs substantially from the cryo-EM structures
of fibrils generated either (B, C) by seeding monomeric �-synuclein with LB diseases or (D-F) by spontaneous fibrilization of monomeric
protein. B, C) Using RT-QuIC methods to amplify �-synuclein in LB disease patients has not resulted in faithful replication of the Lewy fold
seen in (A). B) PDB ID: 7OZG published in.16 C) PDB ID: 8FPT published in.15 D-F) Spontaneous fibrilization of monomeric �-synuclein
does not recapitulate the Lewy fold, though some PFF structures show similarity to the amplified LB fibrils (compare B and E). D) PDB ID:
6CU7 published in.37 E) PDB ID: 6RT0 published in.38 F) PDB ID: 6CU8 published in.37
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referred to as a seeding amplification assay, is
based on the real-time quaking-induced conversion
(RT-QuIC) assay developed to detect prions. It is
important to note that RT-QuIC does not result in
the faithful amplification of prion strains, and that
the RT-QuIC product is not transmissible.13 Instead,
cell-free amplification of prions is done using the pro-
tein misfolding cyclic amplification (PMCA) assay,
which uses brain homogenate as the monomer source
to facilitate prion replication. PMCA does faithfully
amplify prion strains and generates an infectious
product.14 This crucial difference may be because
brain homogenates contain all necessary co-factors
that contribute to protein misfolding, whereas the
lack of brain homogenate in the RT-QuIC assay hin-
ders replication of prion strains with high fidelity.
Additionally, the lack of posttranslational modifi-
cations (PTMs; e.g., glycosylation, GPI anchoring)
on recombinant protein used in the RT-QuIC assay
may contribute to this result. There are similar con-
cerns to consider when using RT-QuIC to amplify
pathogenic �-synuclein. The reported Lewy fold con-
tains a non-protein co-factor that acts to stabilize
interactions between four positively charged lysines
and one hydrophobic tyrosine. In the absence of a
negatively charged co-factor to neutralize this inter-
action, the charge from the four lysines would repel
one another, preventing �-synuclein from adopting
the Lewy fold. Pathogenic �-synuclein also contains
several PTMs, including phosphorylation and acety-
lation. Given the lack of co-factors and PTMs in the
RT-QuIC reaction, it is fairly easy to understand why
none of the reported protocols for amplifying LB �-
synuclein15,16 have been able to fully recapitulate the
Lewy fold (Fig. 2). As a result, it remains unknown
how predictive the amplified PFFs are of LB strain
biology.

Consistent with this concern, it is important to
recognize that PFFs and PD patient samples induce
different effects in cellular and animal models of
disease. For example, while PFFs are readily trans-
missible to transgenic mouse models, PD patient
samples are not. Similarly, PD �-synuclein induces
very little to no pathology when injected into mouse
brains, but PFFs are frequently used for their ability
to induce pathology within synaptic circuits in the
brain. While PFFs can induce �-synuclein inclusions
in brain regions affected by PD, it is unclear if PFFs
use the same pathobiological mechanisms to disrupt
neuronal function. These strain-specific differences
are highlighted by our recent studies comparing wild-
type PFF and MSA transmission to the TgM20+/–

mouse model, where we showed that both strains
induced neurological disease in the mice; however,
the PFF-induced disease was faster and �-synuclein
pathology was present in a larger number of brain
regions compared to the MSA patient samples.17 By
comparison, MSA is a more aggressive disease than
PD, with an earlier age of onset and shorter clini-
cal period. Additionally, MSA pathology is typically
much more abundant in the brain compared to the
Lewy pathology seen in PD patients. In considering
these two pieces of information, one would expect
that MSA transmission to an animal model would be
more robust than PD transmission; however, the PFFs
that are used to model PD show a greater proclivity
to replicate in vivo than the MSA samples. Along
with the structural differences discussed above, these
biological differences indicate that PFFs are not accu-
rately modeling PD �-synuclein biology.

While it is important to note that PFFs have been
useful for several key discoveries, including the fact
that misfolded �-synuclein fibrils alone are capable
of inducing disease, caution is warranted in their use
as a model of PD. While PFFs are undoubtedly a
model of synucleinopathy, their ability to adequately
recapitulate the LB strain, or any other strain isolated
from a human patient sample, has not been shown.
Until that goal is accomplished, PFFs should not be
considered a model for PD. Moreover, their contin-
ued use in drug discovery programs is concerning,
particularly in light of the known strain specificity of
anti-prion therapeutics. Systems that more accurately
model pathogenic �-synuclein in PD should replace
PFFs to better support the development of effective
therapeutics.

PRE-FORMED FIBRILS DO MODEL
PARKINSON’S DISEASE

Accurate models of disease have the potential to
transform the development of novel treatments for
complex conditions, especially in the case of complex
neurodegenerative disorders such as PD. But what
constitutes a faithful model of PD? When attempt-
ing to answer this question, an even more difficult
question is inevitably invoked: What is PD?

Based on current diagnostic criteria, sporadic
PD presents as a syndrome consisting of a myr-
iad of non-motor symptoms beyond the rest tremor,
bradykinesia, instability, gait and rigidity which are
classically associated with PD. These additional
clinical features range from autonomic (e.g., con-
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stipation, urinary or erectile dysfunction, orthostatic
hypotension) to sleep disturbances (e.g., REM-sleep
behavior disorder) and cognitive impairment. Other
common symptoms include depression, hallucina-
tions, and hyposmia (loss of smell). There is general
consensus regarding the breadth of symptoms associ-
ated with PD, yet individuals also show a high degree
of heterogeneity in terms of which of these symptoms
are present and when each of them emerge during the
course of disease.

Indeed, this level of heterogeneity has fueled
considerable debate as to whether PD represents a
single (albeit complex) disease entity with multi-
ple subtypes or a collection of distinct syndromes
with different underlying mechanisms but overlap-
ping phenotypes. This further raises the question of
whether modeling PD entails a unifying approach or a
pluralistic one. Despite this clinical heterogeneity, the
large majority of individuals with sporadic PD (and
most recognized forms of genetic PD) also share at
least three common biological features.18 Firstly, PD
is characterized by the degeneration of monoaminer-
gic and cholinergic systems, most notably dopamine
neurons in the nigrostriatal system. Secondly, neu-
rodegeneration in PD is typically accompanied by
neuroinflammation. Lastly, postmortem studies of
PD brains and other tissues indicate that nearly all
individuals with PD, with the exception of a small
subset of patients with genetic PD, develop intracel-
lular deposits of misfolded �-synuclein (a.k.a. Lewy
bodies and Lewy neurites).19 The neuroanatomi-
cal distribution of Lewy pathology correlates with
the nature of the observed clinical symptoms while
the temporal sequence in which it appears also
point to a strong relationship to specific pheno-
types. The stereotypical patterns of Lewy pathology
across postmortem brains further suggest that �-
synuclein pathology spreads from affected neurons
to their neighbors, reminiscent of the behavior of
classical prions. Consistent with this hypothesis of
disease and progression, more recent studies have
demonstrated the presence of seeding-competent �-
synuclein species in cerebrospinal fluid, plasma and
various tissues obtained from individuals with PD.20

Combining these clinical and biological insights
provide a working definition of sporadic PD. By
extension then, a model of PD should aspire to
recapitulate at least four main features: 1) intra-
neuronal deposition of aggregated �-synuclein, 2)
progressive spread of Lewy-like pathologies, 3)
impairment or neurodegeneration across multiple
neurotransmitter systems, and 4) a neuroinflamma-

tory response. Surprisingly, recombinant �-synuclein
PFFs can elicit all these features when administered
to animals (summarized in Fig. 3). For example,
PFFs injected into the nigrostriatal system results
in all four of the processes above, specifically pro-
gressive loss of nigral dopaminergic neurons and
functional changes in associated networks, emer-
gence of behavioral deficits, and alterations in the
neuroimmune landscape.21−23 Modifications to the
anatomical location of inoculation can elicit changes
in other functional circuits leading to phenotypes
that resemble those observed in individuals with
PD, such as hyposmia,24 loss of REM-sleep mus-
cle atonia,25 and cognitive deficits.26–28 Data from
animals inoculated with PFFs at peripheral sites to
elicit gastrointestinal29 and urogenital symptoms are
also emerging.30 Thus, many of the key domains
across the PD clinical spectrum, including those
associated with early or prodromal disease, can be
recapitulated when PFFs are inoculated into differ-
ent functional circuits. In each of these experimental
paradigms, the disease-relevant phenotype occurs
in sequence with the amplification and spread of
�-synuclein pathology, providing further insights
into the relationship(s) between protein misfolding,
transmission, and disease. When examined at the
subcellular level, PFF-seeded inclusion pathology
bears the morphological and biochemical signatures
of Lewy bodies, composed of fibrillar hyperphospho-
rylated and poly-ubiquitinated �-synuclein mixed
together with organelles such as lysosomes and
mitochondria.31,32

PFF-based models offer an additional technical
advantage in that physiological �-synuclein expres-
sion is sufficient for supporting pathological seeding.
This has permitted researchers to employ this
approach across multiple vertebrate species including
non-human primates. Furthermore, with no trans-
gene requirement, the method can be applied across
cells or animals with most genetic backgrounds,
making it highly amenable for studying interac-
tions with genetic risk factors (e.g., TMEM175) or
co-pathologies (e.g., tau33 or amyloid-beta34). Inter-
estingly, the disease phenotype responds faithfully
(i.e., directionally similar to that observed in patients)
in the listed examples. Since both clinical, genetic
and experimental data thus far points to PD being
the result of interactions between environment and/or
pathogenic factors and the host, continuing to expand
the types of host systems (i.e., cells or animal model)
in which fibrils are injected into will likely yield
impactful new biological insights.
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Fig. 3. �-synuclein PFFs induce multiple features of PD in vivo. Administration of recombinant �-synuclein PFFs to the CNS or peripheral
organs recapitulates 4 characteristic features observed in human PD, including accumulation and spread of Lewy-like pathology, dysfunction
or degeneration of selective neuronal circuits, and neuroinflammation. Illustration prepared using BioRender.

As the statistician George Box noted: “All mod-
els are wrong, but some useful.” A little over a
decade since its introduction, PFF-based seeding for
PD evolved into a federation of related approaches
that collectively mimic a clinically heterogeneous
syndrome with decades-long disease duration and
unclear etiology. This has provided important new
insights with regards to how pathological spread is
governed and the biological processes taking place
downstream of �-synuclein misfolding. Arguably,
this meets the basic criteria for being “useful”.

Nonetheless, this experimental paradigm is not
without drawbacks and there remains room for
improvement. From the technical perspective,
although PFF inoculation into different anatomical
targets can recapitulate several major PD symptoms,
the list is far from complete, especially non-motor
ones such as depression, anxiety and pain. In addi-
tion, most published studies have used recombinant
�-synuclein PFFs as the seeding material owing to
the relative ease that this material can be generated
and characterized. Yet recent studies indicate that
the core fibril structure of recombinant PFFs differs
considerably from fibrils isolated from patients with

Lewy-pathology or those with MSA, a synucleinopa-
thy characterized by predominantly glial pathology,
prominent autonomic involvement, and more rapid
progression.8,9 As these disease-specific “strains”
also differ in their functional properties (e.g., the rate
at which they can propagate in vitro or in vivo), it has
been postulated that recombinant PFFs may be reca-
pitulating an atypical form of PD or an altogether
different entity.

Both of these concerns are justified but experimen-
tal strategies to address them are already started. For
example, challenging previously untested inoculation
sites will likely expand the spectrum of phenotypes
that can be achieved. Though the concept of brain-
vs. body-first PD subtypes is gaining traction,35 there
remains a distinct possibility that pathology origi-
nates at multiple sites simultaneously, a hypothesis
that can be tested experimentally. Regarding the issue
of strains, in vitro amplification of patient-derived
Lewy pathology and glial cytoplasmic inclusions has
recently been described by multiple labs.15,36 Deep
characterization of these materials across commonly
used in vitro and in vivo hosts will be essential in
connecting how specific structural features lead to
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unique biological properties, and this should be a
priority in the near and medium term. These studies
may also help us better understand human PD where,
despite their prominence, the toxic contributions of
Lewy pathology and its spread have yet to be defined.

In conclusion, the PFF-based approaches have
allowed users to specify the anatomical target and
temporal window in which synucleinopathy is initi-
ated. This has provided a versatile platform to model
the family of diseases. Although the definition of PD
has evolved since these tools were first introduced,
PFF-based methods have already satisfied several of
the key criteria for modeling this heterogeneous and
progressive disorder.
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