
Protein aggregate spreading in neurodegenerative diseases:
Problems and perspectives

Seung-Jae Leea,c,*, Hee-Sun Lima,c, Eliezer Masliahd, and He-Jin Leeb,c

aDepartment of Biomedical Science and Technology, Konkuk University, Seoul 143-701, Republic
of Korea
bDepartment of Anatomy School of Medicine, Konkuk University, Seoul 143-701, Republic of
Korea
cInstitute of Biomedical Science and Technology, Konkuk University, Seoul 143-701, Republic of
Korea
dDepartment of Neurosciences and Pathology, School of Medicine, University of California San
Diego, La Jolla, CA 92093-0624, USA

Abstract
Progressive accumulation of specific protein aggregates is a defining feature of many major
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, fronto-temporal
dementia, Huntington’s disease, and Creutzfeldt–Jakob disease (CJD). Findings from several
recent studies have suggested that aggregation-prone proteins, such as tau, α-synuclein,
polyglutamine-containing proteins, and amyloid-β, can spread to other cells and brain regions, a
phenomenon considered unique to prion disorders, such as CJD and bovine spongiform
encephalopathy. Cell-to-cell propagation of protein aggregates may be the general underlying
principle for progressive deterioration of neurodegenerative diseases. This may also have
significant implications in cell replacement therapies, as evidenced by the propagation of α-
synuclein aggregates from host to grafted cells in long-term transplants in Parkinson’s patients.
Here, we review recent progress in protein aggregate propagation in experimental model systems
and discuss outstanding questions and future perspectives. Understanding the mechanisms of this
pathological spreading may open the way to unique opportunities for development of diagnostic
techniques and novel therapies for protein misfolding-associated neurodegenerative diseases.
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1. Introduction
One of the most defining features across major neurodegenerative diseases is progressive
accumulation of specific protein aggregates in the brain with a regional pattern specific to
each disease. Alzheimer’s disease (AD) is characterized by extracellular deposition of
amyloid-β (Aβ) protein in the form of senile plaques and by intraneuronal accumulation of
hyperphosphorylated tau as neurofibirillary tangles (Hardy, 2006; Selkoe, 2004). In
Parkinson’s disease (PD), the synaptic protein α-synuclein accumulates in neuronal cell
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bodies and axons; these aggregates are referred to as Lewy bodies and Lewy neurites,
respectively (Goedert, 2001). In Huntington’s disease (HD) and other diseases with
expansion of triplet repeats, proteins with expanded polyglutamine (polyQ) accumulate in
the nucleus and cytoplasm (Ross and Poirier, 2004). Accumulation of misfolded prion
proteins also occurs in Creutzfeldt–Jakob disease (CJD) (Prusiner, 2001). Despite having
unrelated primary structures, these aggregates have indistinguishable structures and
produced by the same mechanisms. Therefore, this is the basis for the notion that there is a
common element in the mechanism of pathogenesis leading to these neurodegenerative
diseases.

The role of protein aggregation in neurodegenerative diseases has been extensively
discussed in recent reviews (Ross and Poirier, 2004; Selkoe, 2003). Mounting evidence has
led to the suggestion that cumulative protein misfolding and aggregation is a leading cause
of neuronal dysfunction and death in neurodegenerative diseases. Different types of protein
oligomers have been reported with varying degrees of associated toxicity (Glabe, 2008).
These oligomers are thought to differ in terms of their structure, and some are on-pathway
intermediates that eventually form fibrils; however, others are off-pathway products (Glabe,
2008). Cells, particularly neuronal cells, have evolved to protect themselves from toxic
protein assemblages. One of the mechanisms is sequestration of potentially toxic, smaller
aggregates or oligomers into specific locations within the cytoplasm, thereby preventing
aggregates from their toxic actions (Tyedmers et al., 2010). Sequestered aggregates exist as
microscopically visible inclusion bodies, which are thought to be related to protein
depositions found in the brains of patients. These pathological structures of protein deposits
in specific brain regions do not necessarily represent neurotoxic culprits of disease.
Quantitative pathological analyses have shown only a loose, if any, correlation between
these structures and severity of clinical symptoms (Gomez-Tortosa et al., 1999). Findings
from in vitro cell biological studies have suggested that microscopically visible inclusion
bodies are non-toxic and even protective through sequestration and limitation of the actions
of potentially toxic oligomers (Arrasate et al., 2004). Therefore, even though inclusion
bodies are not necessarily toxic culprits by themselves, deposition of misfolded proteins in
inclusion bodies is at least a hallmark, signaling that protein homeostasis is in jeopardy.

Anatomical patterns of pathological protein deposition in AD (Braak and Braak, 1991) and
Lewy body disease (Braak et al., 2003) are suggestive of a progressive spreading of protein
aggregates during disease progression. In AD, deposition of hyperphosphorylated tau is
initiated in the transentorhinal cortex and spreads into the hippocampal formation, then
throughout the neocortex. In PD, α-synuclein aggregates in the central nervous system
(CNS) first appear in the lower brain stem nuclei, such as the dorsal motor nucleus of vagus,
and spread sequentially into the midbrain, followed by mesocortical and neocortical regions.
In the neocortex, the phosphorylated α-synuclein immunoreactivity was limited to the
temporal lobe in the brains of PD, however, it spread from the temporal lobe to the frontal
lobe in dementia with Lewy bodies (DLB) transitional form and further spread to affect the
parietal and occipital lobes in DLB neocortical form (Saito et al., 2003). Different
explanations may exist with regard to the temporal progression of protein pathology. One
possibility is that protein aggregation occurs as multifocal events, with aggregates in each
cell and each brain region independent of others. Alternatively, protein aggregates formed in
a few discrete regions during early stages may be transmitted to other areas by a mechanism
akin to prion propagation (Aguzzi et al., 2008; Caughey et al., 2009). Recent evidence has
suggested that such a prion-like spreading mechanism might play a role in temporal
progression of protein aggregates in major neurodegenerative disorders.
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Here, we will review recent evidence for prion-like spreading of protein aggregates in
neurodegenerative disorders, raise several outstanding questions emerging from the new
evidence, and offer perspectives on these questions.

For the purposes of this review the term ‘infectivity’ will refer specifically to the
conveyance of prion proteins from animal to animal, the term transmission will be extended
to include the conveyance of non-prion proteins. The terms propagation and spreading will
be used interchangeably to refer to the dispersal of the protein over a larger area and from
cell to cell.

2. Aggregate spreading in neurodegenerative diseases
Protein aggregates affect a number of different brain regions in neurodegenerative diseases,
showing a pattern that is specific to each disease. Pathological examinations of these
aggregates have provided the hypothesis that protein aggregates spread in highly predictable
sequences between anatomically related brain regions.

2.1. Alzheimer’s disease
Neurofibrillary tangles (NFTs) and neuropil threads (NTs) – intraneuronal cytoskeletal
change detected by silver staining or hyperphosphorylated tau immunoreactivity – spread as
disease progresses. Braak et al. (2006) established a neuropathological staging system of AD
based on extent of neurofibrillary pathology. Briefly, somatic NFTs and dendritic NTs are
initially found in the transentorhinal region. This lesion extends into the entorhinal and
hippocampal regions without cognitive impairment. Subcortical nuclei, such as the locus
coeruleus (Busch et al., 1997) and magno-cellular basal nucleus of Meynert (Sassin et al.,
2000), occasionally show NFT pathology during the early stages (stages 1–2). During the
following stages, tau aggregates spread into the larger hippocampal region and deeper
entorhinal region as well as the temporal neocortex. Clinical symptoms, including cognitive
dysfunction and subtle personality change, are usually present from these stages (stages 3–
4). Eventually, lesions extend into subdivisions of the neocortex, including frontal, parietal,
and occipital neocortices, while clinical symptoms become broadened and more severe
(stages 5–6). Extracellular neuritic plaques, another pathological hallmark of AD, initially
occur in the entorhinal and hippocampal regions, to which NFT-carrying neurons in regions
with the earliest NFT pathology send out axonal terminals. From these observations, it has
been hypothesized that intraneuronal tau accumulation precedes plaque development at the
terminals of neurons (Braak and Del Tredici, 2004).

2.2. Parkinson’s disease
Lewy bodies and Lewy neurites are found first in the lower brainstem area, known as the
dorsal motor nucleus of vagus, as well as in the olfactory bulb (Braak et al., 2003). Later,
these aggregates appear to ascend to upper brainstem areas, including substantia nigra, and
show continuous spread into neocortical areas. This topographical pattern of aggregate
spreading appears to have a rough correlation with clinical symptoms; parkinsonian motor
symptoms, which are attributed to loss of dopaminergic neurons in the substantia nigra pars
compacta, are preceded by a number of non-motor symptoms that are associated with the
lower brainstem and olfactory bulb, while they are followed by symptoms that represent
impairment of neocortical functions, such as memory and cognition. Whether this spreading
pattern can be generalized and whether spreading of Lewy pathology correlates with
symptomatic progression are still a controversial matter; many autopsy cases have shown
non-brainstem-initiated patterns (Jellinger, 2008). This inconsistency of Lewy pathology
may explain in part the clinical diversity observed in the disease. Nevertheless, regardless of
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where it begins, as disease progresses, Lewy pathology appears to spread from initial sites to
larger brain regions.

2.3. Huntington’s disease
Although basal ganglia pathology has been well characterized, temporal and anatomical
progression of protein aggregates has not been precisely described. Results from
immunohistochemical analysis using an antibody against the N-terminal epitope of
huntingtin showed that neuronal intranuclear inclusions and dystrophic neurites occur
predominantly in specific regions of the cerebral cortex; projection neurons in layers 3, 5,
and 6 of the prefrontal cortex, at early or presymptomatic stages (DiFiglia et al., 1997;
Gutekunst et al., 1999). These neurons project to striatum, mainly the caudate nucleus,
where striatum pathology initially occurs. Recent imaging studies have shown
presymptomatic atrophy in primary motor and sensory cortices (Rosas et al., 2008).
Together with these findings, it has been proposed that some cortical lesions precede basal
ganglia pathology, including the striatum.

These conserved propagation patterns of disease-specific protein aggregates beg the
question as to whether protein aggregates in each brain region are independent of others or
whether aggregates that occur initially in a few discrete regions then disseminate into other
areas. In recent years, findings from a series of studies have supported the latter hypothesis,
and these are reviewed in the next section.

3. Spreading of non-prion protein aggregates in experimental models of
neurodegenerative disease
3.1. Aβ transmission

The first evidence for induced Aβ deposition in vivo came from a study by Walker and
colleagues (Kane et al., 2000), who demonstrated that intracerebral injection of brain
extracts from AD patients into the hippocampus and overlying neocortex of young amyloid
precursor protein (APP) transgenic mice (Tg2576) induced cerebral β-amyloidosis in host
mice. Later, Walker, Jucker and colleagues showed that an injection of brain extracts from
AD patients or APP transgenic mice (Tg2576) induced cerebral Aβ deposition in another
APP transgenic line (APP23) in a time- and concentration-dependent manner (Meyer-
Luehmann et al., 2006). Of particular importance, Aβ deposition extended beyond the
injected hippocampus, spreading into the dorsal lateral geniculate nucleus, corpus callosum,
and entorhinal cortex, and in vasculatures of the thalamus and pia mater. Some of these
depositions were congophilic and were associated with activated astrocytes, microglia, and
dystrophic neurites. Of particular interest, neither study reported neuronal loss. The latter
study investigated prion strain-like effects using two different transgenic lines (APP23 and
APP-PS1) with distinct Aβ deposition patterns. APP23 mice show a primarily diffuse and
filamentous pattern of Aβ deposition, whereas APP-PS1 double transgenic mice develop a
compact, punctuate pattern of deposition. Intrahippocampal injections of brain extracts from
each of these mice into the other mouse line produced Aβ deposition patterns that were
strongly influenced by the inoculums. Propagation of Aβ deposition was blocked by formic
acid-mediated denaturation of brain extracts and by passive and active immunization against
Aβ, suggesting that multimeric forms of Aβ in the inoculum act as seeds for multimerization
of endogenous Aβ. Various forms of synthetic Aβ or Aβ secreted from cells did not induce
cerebral Aβ deposition, nor did synthetic Aβ mixed with potential co-factors or brain
extracts from wild type mice. The lack of in vivo amyloid-seeding effects of synthetic Aβ is
reminiscent of impaired transmission by in vitro-generated prion aggregates (Legname et al.,
2004).
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3.2. Tauopathies
Accumulation of hyperphosphorylated tau aggregates in the form of NTF is not only a
hallmark characteristic of AD but also of many other neurological disorders, including some
types of frontotemporal dementia and progressive supranuclear palsy. Several missense
mutations in the gene encoding tau have been associated with familial forms of these
diseases.

Initial evidence for cell-to-cell transfer of tau proteins has come from two studies, a tissue
culture study led by Marc Diamond (Frost et al., 2009a) and an animal study by Michel
Goedert and Marcus Tolnay (Clavaguera et al., 2009). Diamond and colleagues
demonstrated that tau fibrils added to the culture medium were taken up by neuronal cells
and induced fibrillation of cytoplasmic tau (Frost et al., 2009a). They also showed that the
induced aggregates can be transferred between cells in a co-culture system. Later, Nonaka et
al. (2010) and Guo and Lee (2011) confirmed tau aggregate induction by exogenously added
tau fibrils. Although the kinetic aspects of seeding-dependent aggregate transmission remain
to be clarified, findings from this study clearly demonstrated induction of tau aggregation by
exogenously introduced aggregate seeds.

Goedert, Tolnay and colleagues reported on propagation of tau in transgenic mice
(Clavaguera et al., 2009). In this study, brain extracts of tau transgenic (P301S) mice, which
have filamentous tau aggregates, were injected into the hippocampus and cerebral cortex of
ALZ17 mice, a transgenic line overexpressing the wild type tau protein. Tau deposition was
found not only within the injection sites but also in neighboring brain regions; severity
diminished with increasing distance from the injection site. Both neuropil threads and
neurofibrillary tangles, as well as oligodendroglial coiled bodies, were observed. Lesions
showed an increase with time up to 15 months post-injection. However, these mice did not
show neuronal loss, gliosis, inflammation, or axonal damage. Injection of P301S brain
extract into non-transgenic mice induced the aggregation of mouse endogenous tau;
however, mouse tau aggregation was confined near the injection site and temporal
progression was not observed between 6 and 12 months. Whether this is due to the species
difference or related to expression levels remains to be determined.

3.3. Synucleinopathies
α-Synuclein is a neuronal cytosolic protein that is thought to be involved in regulation of
synaptic transmission. Missense mutations and gene multiplication mutations in the gene
encoding α-synuclein have been linked to familial PD. Amyloid fibrils of this protein are the
major pathological hallmark of PD and other related neurological diseases, including
dementia with Lewy bodies and multiple system atrophy.

A small amount of α-synuclein is released from cells even in the absence of serious
membrane damage (Lee et al., 2005). Release of α-synuclein from neurons is mediated by
exocytosis and increased under conditions of accumulating misfolded proteins (Jang et al.,
2010; Lee et al., 2005). Whether released α-synuclein has physiological function is
unknown, however, the fact that the release is consistently increased under stress conditions
suggests this to be a stress response. When applied to cultured neuronal cells, both
oligomeric and fibrillar forms of α-synuclein were internalized into cells through
endocytosis and targeted to the lysosome for degradation (Lee et al., 2008a). Findings from
a recent study have demonstrated transfer of α-synuclein from one cell to another, which
likely occurs through sequential exocytosis and endocytosis, inducing formation of Lewy
body-like inclusion bodies in recipient cells (Desplats et al., 2009). Compromise of
lysosomal function in recipient cells has been shown to result in more efficient transfer of α-
synuclein, suggesting an antagonistic role of lysosomes in aggregate propagation. Cell-to-
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cell transfer of α-synuclein has been demonstrated in animal models; in two studies,
transplantation of mouse neuronal progenitor cells (Desplats et al., 2009) and differentiated
dopaminergic neurons (Hansen et al., 2011) into the hippocampus and striatum of transgenic
mice overex-pressing human α-synuclein, respectively, resulted in the transfer of α-
synuclein proteins from host neurons to grafted cells. This interneuronal transmission of α-
synuclein may account for recent reports showing the spread of Lewy inclusions from host
tissues to long-term fetal cell grafts in Parkinson’s patients (Kordower et al., 2008a; Li et al.,
2008). Moreover, as proposed by Braak et al. (2003), if transmission occurs through neural
connections, this may also be the underlying mechanism for sequential spreading of
brainstem-originated Lewy pathology into broad brain regions in PD. Although transfer
through neural connections remains to be demonstrated, Danzer et al. (2010) recently
showed that α-synuclein can be released and internalized from axonal terminals of neurons
in culture.

Another synucleinopathy lesion that has been relatively under-appreciated is astroglial
deposition of α-synuclein, which is found throughout the brain in PD and DLB (Halliday
and Stevens, 2011). Findings from a recent study suggested that astroglial α-synuclein
depositions might have come from neurons through neuron-to-astroglia transfer of
misfolded/aggregated α-synuclein proteins (Lee et al., 2010a). This, too, involves
endocytosis in astroglia. Transcriptome analysis showed that α-synuclein accumulation
resulted in proinflammatory responses in astroglia. These results suggest that α-synuclein
can be transferred not only from neuron to neuron but also from neuron to glia. This cell-to-
cell transfer of α-synuclein may explain the deposition of this protein in oligodendrocytes in
multiple system atrophy.

3.4. PolyQ expansion diseases
A group of neurological disorders, including HD and several different types of
spinocerebellar ataxia, are caused by expansion of the glutamine repeat region in a protein
specifically affected in each disease. Expansion of the glutamine repeat results in
aggregation of the protein containing the repeat and formation of intranuclear and
intracytoplasmic inclusion bodies.

A recent study by Ron Kopito and colleagues has shown that in vitro-generated polyQ
peptide fibrils can internalize into cells seemingly through membrane penetration and induce
formation of cytoplasmic aggresomes (Ren et al., 2009). Internalized polyQ fibrils recruit
soluble polyQ proteins and convert them into aggregates. Of particular interest, fibrils made
of other amyloidogenic proteins, such as Sup35 and Aβ, were unable to recruit and convert
soluble polyQ proteins, indicating a sequence-specific nucleation effect. Finally, this study
showed that transient exposure of cells to polyQ aggregates generated a small population of
cells with an “inheritable” phenotype showing persistent aggregation of endogenous polyQ
proteins. Selective lysis of aggregate-producing cells resulted in increased aggregation of
soluble polyQ proteins in neighboring cells in co-culture, which may in turn lead to
propagation of aggregation and contribute to the persistent aggregation phenotype.

4. Outstanding questions
Pathological aggregate spreading through cell-to-cell transmission of disease-associated
proteins is an attractive model with tremendous implications in disease mechanism and
therapy. However, significance of this model in human disease is not yet clear. For
validation of this model, the following outstanding questions will need to be addressed: (1)
Does aggregate transfer occur through neural connections in vivo? (2) What is the
mechanism of aggregate transmission? This question has two components; how aggregates
are transferred from one cell to another and how internalized aggregates induce aggregation
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of the endogenous protein? A related question is what are the modifiers of aggregate
spreading? (3) What are the molecular species that are responsible for aggregate
propagation, and do these aggregate species induce neurodegeneration? (4) Are disease-
associated non-prion protein aggregates infectious?

In the following sections, we will discuss the current state of knowledge with regard to these
questions and potential approaches toward solutions.

5. Is aggregate transferred through neural connections in vivo?
This is an important issue concerning long distance spreading of aggregates. It is also
important to ask whether aggregates propagate from the peripheral nervous system to the
CNS. This question is particularly relevant to PD, because environmental influence and
peripheral α-synuclein pathologies are well documented in this disease. Answering these
questions will allow for solving the question of what determines anatomical specificities of
protein aggregate pathology that are associated with different neurodegenerative diseases?

Mouse models of tauopathies and cerebral amyloidosis have been used to demonstrate
spreading of protein aggregates from injection sites into larger brain areas after cerebral
administration of aggregate-containing tissue extracts (Clavaguera et al., 2009; Meyer-
Luehmann et al., 2006). Although these studies demonstrate expansion of areas that display
protein aggregate pathology, they fail to provide direct evidence for long distance spreading
into areas that are anatomically connected with the injection site. This might be a very
challenging task, since current animal models for aggregate spreading are very inefficient; in
the case of the tau model mouse, mere expansion of aggregate-laden areas took up to 15
months (Clavaguera et al., 2009). Understanding of the aggregate transfer mechanism and
identification of regulators of this process will allow for genetic modification of mice that
will facilitate aggregate spreading, and these genetically modified mice will be better models
than the current mouse models for studies of anatomical aggregate propagation through
neural connections.

Use of nematode, C. elegans, as an animal model would be a promising approach for studies
of aggregate propagation. In C. elegans, all cell lineages and neural circuits are completely
mapped out, making this model ideal for tracking propagation of proteins through neural
connections. Perhaps the most powerful benefit offered by this model is an in vivo model
system for genome-wide screening of genetic and chemical modifiers of protein aggregate
propagation. Identification of modifiers will provide critical knowledge and tools toward
understanding of the mechanism of aggregate propagation.

6. What is the mechanism of aggregate transmission?
6.1. How are aggregates transferred from one cell to another?

Topological orientation of Aβ and prion in cells, both exposed to the extracellular space,
allows their interaction with neighboring cells and makes transmission increasingly
plausible. Unlike Aβ and prion, cytosolic proteins, including tau, α-synuclein, polyQ, and
other disease-linked proteins, have to cross membrane barriers at least twice before gaining
access to the cytosol of neighboring cells. Therefore, energy-consuming mechanisms are
required for transfer of these proteins from one neuron to its neighbors. Release of
cytoplasmic aggregates could occur passively through cell membrane injury; however,
active mechanisms have also been described. Several studies have demonstrated low level
secretion of α-synuclein and its aggregated forms in neuronal and non-neuronal cultures
(Alvarez-Erviti et al., 2011; Danzer et al., 2010; El-Agnaf et al., 2003; Emmanouilidou et
al., 2010; Hansen et al., 2011; Jang et al., 2010; Lee et al., 2005; Sung et al., 2005).
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Secretion was mediated by unconventional, endoplasmic reticulum/Golgi-independent
exocytosis and showed an increase under stress conditions involving accumulation of
misfolded proteins (Jang et al., 2010; Lee et al., 2005). The precise mechanism of α-
synuclein exocytosis is unknown; however, recent studies have suggested that it may occur
in association with exosomes, small vesicles released from cells through fusion of
multivesicular bodies with plasma membranes (Alvarez-Erviti et al., 2011; Emmanouilidou
et al., 2010). Release of prion and Aβ in association with exosomes has also been reported
(Fevrier et al., 2004; Rajendran et al., 2006). Release of α-synuclein into the extracellular
space appears to occur in humans; both monomeric and oligomeric forms of α-synuclein are
present in human blood and CSF (El-Agnaf et al., 2003, 2006). Tau protein can also be
detected in CSF, and levels of CSF tau are elevated in AD patients, suggesting that it too
may be released from cells under disease situations (Vandermeeren et al., 1993).

Protein aggregates present in extracellular space can be internalized into cells through
endocytosis. Internalization of α-synuclein aggregates was sensitive to temperature and
required dynamin-1, features characteristic of endocytosis (Desplats et al., 2009; Lee et al.,
2008a). Digestion of cell surface proteins prevented internalization of α-synuclein,
suggesting the presence of receptor (Lee et al., 2008a). Internalized tau aggregates showed
partial co-localization with dextran (Frost et al., 2009a), a feature indicative of involvement
of the endocytic pathway.

Internalized aggregates are packaged into endocytic vesicles, and, therefore, require another
mechanism by which they can gain access to the cytosol (Frost et al., 2009a; Lee et al.,
2008a). It is worth noting that protein aggregates have lipid bilayer disrupting activity
(Crouch et al., 2008; Jayasinghe and Langen, 2007), by which internalized aggregates may
disrupt endocytic vesicles and enter into the cytosolic space. While endosomal membranes
are barriers to interaction between internalized aggregates and endogenous proteins,
endosomal compartments could provide a critical environment in which aggregates are
processed to become effective seeds. A recent study with Aβ suggested that endocytosis and
subsequent delivery to late endosomes may play a role in concentration of internalized
proteins and formation of aggregates capable of seeding endogenous protein aggregation
(Hu et al., 2009). In addition, incomplete digestion of internalized aggregates in the late
endosome might result in their breakdown to smaller aggregates, a process that serves to
produce a large number of seeds or proteotoxins for amplification of input aggregates. On
the other hand, internalized polyQ aggregates did not appear to be enclosed within vesicles,
implying direct membrane penetration (Ren et al., 2009); however, the precise underlying
mechanisms remain unknown.

In addition to the mechanism involving exocytosis and endocytosis, transfer of aggregation-
prone cytosolic proteins might occur through tunneling nanotubes, whose involvement in
cell-to-cell transfer of prion proteins has been demonstrated (Gousset et al., 2009).

Knowledge of the routes of aggregate transmission between neurons is scarce and will
require expansion in order to increase our understanding of the transmission mechanism(s).
Anterograde transport of neuronal α-synuclein in the slow component of axonal transport as
part of multiprotein complexes has been demonstrated (Li et al., 2004; Roy et al., 2007);
however, the axonal transport of aggregated forms of α-synuclein has not been assessed.
Release of α-synuclein from axonal terminals and transport of α-synuclein proteins taken up
by the terminals to cell bodies have recently been demonstrated (Danzer et al., 2010).
Cellular prions are transported via both fast anterograde and retrograde axonal transport
(Borchelt et al., 1994; Moya et al., 2004) and internalization and movement of the scrapie
form of prion along neuronal processes has also been reported (Magalhaes et al., 2005).
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A related question is that of whether or not synaptic activity has any effects on transmission
efficiency. Synaptic stimulation has been shown to induce secretion of Aβ (Cirrito et al.,
2005, 2008; Kamenetz et al., 2003), promote APP transport to synapses, and reduce
intracellular levels of Aβ (Tampellini et al., 2009). In addition, dynamic regulation of
synaptic localization of α-synuclein by synaptic activity has been reported (Fortin et al.,
2005; Tao-Cheng, 2006). The role of synaptic activity in release and transmission of
cytosolic proteins, such as α-synuclein, tau, and polyQ proteins, remains to be addressed.

6.2. How do internalized aggregates induce aggregation of endogenous protein?
Although disease-associated, aggregation-prone proteins are unrelated in primary structures,
protein aggregates made of these proteins have common conformational properties (Kayed
et al., 2003; Ross and Poirier, 2004); these aggregates are referred to as amyloids. This
structural convergence into the amyloid structure has been a compelling argument for the
existence of the pathogenic mechanism common to different neurodegenerative diseases.
Amyloid is a specific type of protein aggregate defined by several physicochemical
properties. Amyloids have characteristic fibrillar features, with a width of approximately 10
nm. They can bind to certain fluorogenic dyes, such as congo red and thioflavins, and, upon
binding, cause changes in spectral properties of these dyes. This dye-binding property has
been applied to quantitative assays for amyloids. Finally, amyloids are rich in cross-β-sheet
secondary structure, with the β-sheet strands running perpendicular to the fibril axis.

The amyloid fibrillation process features characteristic kinetics (Fig. 1). Fibril growth is
generally preceded by a long lag phase, wherein monomers continuously try out
intermolecular interactions until they form, by chance, a stable oligomeric assemblage or a
nucleus. Upon formation of nuclei, fibrils show exponential growth until the reaction
reaches an equilibrium phase, where the rate of fibril growth equals that of shrinkage. This
kinetic model predicts, and it has been experimentally demonstrated, that addition of
preformed aggregates as nuclei resulted in elimination of the lag phase (Jarrett and
Lansbury, 1993). This is referred to as “seeded” polymerization, and, when combined with
aggregate breakage, represents the theoretical basis for prion transmission/”infectivity”.
Numerous types of oligomeric aggregates have been observed during the fibrillation
process. The question of which of these oligomers are on-pathway intermediates rather than
off-pathway byproducts and what is the most basic form of the nucleus remains to be
determined.

During seeded polymerization, conformational properties of seed aggregates are conserved
and perpetuated to the resulting aggregates by structural conversion of newly added
monomers. This conformational propagation has long been thought of as the physical basis
for prion strains. This self-perpetuating conformational propagation has also been observed
in in vitro investigations of other disease-linked proteins, including Aβ (Petkova et al.,
2005), α-synuclein (Yonetani et al., 2009), and tau (Frost et al., 2009b), raising the
possibility that protein lesions associated with these proteins may spread within the brain via
a mechanism analogous to the way in which prion propagates. In an animal study,
hippocampal injections of brain extracts from different transgenic mice with distinct plaque
patterns produced Aβ deposition patterns in the host that were strongly influenced by the
inoculums (Meyer-Luehmann et al., 2006). This strain-like phenomenon might be an
indication of seeding-dependent propagation of aggregates.

Seeded polymerization has been the favored model for explaining the phenomenon of
aggregate spreading, even for cytoplasmic aggregates (Fig. 2). Demonstration of a seeding-
dependent mechanism requires the two following key features: recruitment of endogenous
proteins to the internalized “seeds” and aggregate amplification in recipient cells upon
exposure to a minute amount of seed aggregates. The recruitment issue has been addressed
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by several studies. Colocalization of internalized aggregates with endogenous proteins has
been demonstrated with tau (Frost et al., 2009a), α-synuclein (Danzer et al., 2009; Luk et al.,
2009; Nonaka et al., 2010; Waxman and Giasson, 2010), and polyQ proteins (Ren et al.,
2009) in cell culture systems. In addition, these studies showed that application of
exogenous aggregates to cultures induced aggregation of endogenous, otherwise soluble
proteins. The fact that internalized aggregates induce homotypic but not heterotypic
aggregation of endogenous proteins (Luk et al., 2009; Nonaka et al., 2010; Ren et al., 2009)
suggests a direct sequence-specific interaction between exogenous seed aggregates and
endogenous monomers. Although these studies provide evidence for a seeding-dependent
mechanism of aggregate spreading, there are shortcomings that will need to be overcome.
For example, most of these studies used large quantities of exogenous aggregates in order to
induce aggregation of endogenous proteins, the extent of which was hardly qualified as
“amplification”. In addition, some of the studies required the use of artificial delivery
agents, such as liposomes or calcium phosphate, for application of exogenous aggregates.
Unequivocal proof for seeding-dependent aggregate spreading awaits further
characterization.

Alternatively, disruption of basic cellular proteostasis might be the mechanism by which
exogenous aggregates facilitate aggregation of endogenous proteins (Balch et al., 2008)
(Fig. 2). Morimoto and colleagues (Gidalevitz et al., 2006) demonstrated that the presence of
protein aggregates could disrupt cellular protein folding homeostasis by overwhelming the
protein quality control system. As a specific example, expression of mutant huntingtin
fragment with polyQ (Bence et al., 2001) and exogenous application of α-synuclein fibrils
(Nonaka et al., 2010) resulted in inhibition of cellular proteasome activity.

There are other possibilities worthy of consideration, such as mitochondrial inhibition by
exogenous aggregates (Parihar et al., 2008). A chronic inflammatory microenvironment
established by the presence of extracellular aggregates might also contribute to protein
aggregation and cell damage in neurons, perhaps through the production of reactive oxygen
species, nitric oxide, and cytokines in inflammatory glial cells (Gao et al., 2008) (Fig. 2).
This, in turn, may cause the release of more protein aggregates and lead to more
inflammatory responses from glial cells, establishing a viscous cycle (Lee et al., 2010b).

7. What are the molecular species that are responsible for aggregate
propagation, and do these aggregate species induce neurodegeneration?

A direct relationship between aggregate propagation and neurotoxicity remains to be
determined. In human PD cases, spreading of Lewy pathology does not always appear to be
associated with neuronal dysfunction and degeneration (Burke et al., 2008). Mouse neuronal
progenitor cells grafted into brains of α-synuclein transgenic mice showed an increase in
activated caspase 3, with occurrence of host-to-graft transfer of α-synuclein (Desplats et al.,
2009), while in human graft studies, there was no evidence for neuronal loss in transplanted
tissues (Kordower et al., 2008a; Li et al., 2008; Mendez et al., 2008). However, a reduction
in dopamine transporter and tyrosine hydroxylase in grafted dopamine neurons has been
reported (Kordower et al., 2008a,b), implicating a functional decline in the long-term graft.
These results support the idea that propagation of protein aggregates is linked to
neurotoxicity; however, the question of whether a direct relationship exists between
aggregate propagation and neurotoxicity remains to be determined. In a recent study, prion
infectivity and neurotoxicity are kinetically uncoupled by two distinct phases (Sandberg et
al., 2011), implicating the presence of separate mechanisms for aggregate propagation and
toxicity. Tau and Aβ aggregate spreading in mouse models was not associated with neuronal
loss (Clavaguera et al., 2009; Meyer-Luehmann et al., 2006).
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One approach to determination of the relationship between aggregate propagation and
neurodegeneration would be to identify the molecular species of aggregates that are
responsible for aggregate spreading and to assess their ability to induce neurodegeneration
and functional deficits associated with disease. Fractionation of a partially disaggregated
scrapie prion using flow field-flow fractionation resulted in identification of a range of non-
fibrillar species (oligomeric species of 14–24 PrP molecules) that have high converting
activity and infectivity (Silveira et al., 2005). Similar approaches could be applied to
evaluation of the relationship between transmissibility and neurotoxicity of various disease-
linked protein aggregates. Identification of molecular species of aggregates that are
responsible for aggregate spreading and/or neurodegeneration will aid in advancement of
our understanding of the basic mechanisms of disease progression and provide crucial
information needed for development of more effective cell replacement therapies.

8. Are disease-associated non-prion protein aggregates infectious?
Although protein aggregation and spreading now appears to be a common feature of several
neurodegenerative disorders, it remains unclear as to whether these disorders qualify as
“infectious” diseases in a similar way to prion diseases. In a recent study, following the
inoculation protocol used for experimental transmission of prion disease, Jucker and
colleagues failed to induce cerebral β-amyloidosis by oral, intravenous, intraocular, or
intranasal inoculations in APP transgenic mice (Eisele et al., 2009). However, the same
group showed that intraperitoneal inoculation of Aβ-laden brain extracts induced cerebral β-
amyloid angiopathy with spreading of β-amyloidosis into brain parenchyma (Eisele et al.,
2010). This result demonstrates that, like prions, mechanisms do exist to allow for transport
of protein aggregates from the periphery to the CNS, with variation in the efficiency of
transport, depending on the specific peripheral organ. Consistent with this notion, serum
amyloid A deposition, which causes damage to peripheral organs, can be transmitted orally
and by transfusion of white blood cells (Solomon et al., 2007; Sponarova et al., 2008).
Peripheral and systemic transmission of α-synuclein, tau, and polyQ proteins is still
unknown.

9. Therapeutic implications
Emergence of the aggregate spreading model has resulted in the unveiling of new avenues
for therapeutic opportunities targeting the cell-to-cell aggregate propagation process.
Therapeutic intervention of aggregate propagation is dependent on an understanding of the
mechanism of the process. For example, knowledge of the mechanism of release of cytosolic
α-synuclein, tau, and polyQ aggregates would aid in discovery of a strategy for blockade or
shunt of this process, so that the spread of aggregates can be prevented. Identification of
receptors for released aggregates would make it possible to block uptake of extracellular
aggregates, so that healthy neurons immune to extracellular aggregates can be maintained.
Development of drugs that target specific molecules in aggregate propagation awaits major
progress in our understanding of the biological mechanism underlying this process.

Efficient clearance of extracellular protein aggregates would prevent the transfer of
aggregate between cells. Aβ can be degraded by several extracellular proteases (Tanzi et al.,
2004), and the rate of clearance is the major determinant of CNS Aβ levels in AD patients
(Mawuenyega et al., 2011). Released α-synuclein can be degraded by extracellular
proteases, such as matrix metalloproteinase 3, in vitro (Sung et al., 2005). However, whether
this occurs in vivo remains to be determined. Cell-mediated uptake is another major
mechanism of clearance of extracellular protein aggregates (Koistinaho et al., 2004; Lee et
al., 2008b; Mandrekar et al., 2009; Wyss-Coray et al., 2003). This has been studied
extensively with Aβ, which can be taken up by microglia via macropinocytosis in the case of
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soluble Aβ (Mandrekar et al., 2009) and via phagocytosis in the case of insoluble Aβ
(Koenigsknecht and Landreth, 2004). Several cell surface receptors, including scavenger
receptor CD36, α6β1 integrin, CD47, and toll-like receptors, are involved in microglia-
mediated clearance of Aβ (Koenigsknecht and Landreth, 2004; Richard et al., 2008; Tahara
et al., 2006). Astrocytes can also degrade insoluble Aβ, contributing to clearance (Wyss-
Coray et al., 2003). The role of microglia in aggregate clearance with α-synuclein fibrils has
also been described. Extracellular α-synuclein fibrils can be taken up by neurons, astrocytes,
and microglia, among which microglia are far more efficient in both uptake and degradation
than other brain cell types. Enhancement of microglial phagocytosis and protease activities
that are selective to disease-associated extracellular aggregates would be an attractive
strategy for therapy.

Lysosomes are responsible for degradation of internalized aggregates in both neurons and in
glial cells (Lee et al., 2008a,b). Age-related disorders and aging itself are generally
associated with lysosomal dysfunction (Bahr and Bendiske, 2002), and genetic depletion of
lysosomal hydrolases is the cause of many human diseases, referred to as lysosomal storage
disorders, which are often characterized by neurodegeneration (Futerman and van Meer,
2004). In fact, accumulation of internalized α-synuclein was facilitated by lysosomal
inhibition in recipient neurons (Desplats et al., 2009), suggesting that lysosomal activity is
an important parameter in determination of transmission efficiency. Therefore, enhancement
of lysosomal activity may be a promising approach to therapeutics.

For the past decade, immunization against aggregation-prone proteins has emerged as a
promising new direction for drug development. Numerous studies have shown reduction in
protein aggregate loads by immunization in transgenic mouse models of Alzheimer’s disease
(for both Aβ and tau) (Brody and Holtzman, 2008; Sigurdsson, 2008), synucleinopathies
(Masliah et al., 2005) and prion diseases (Federoff, 2009). Findings from a clinical trial
showed that Aβ immunotherapy can alleviate fibrillar Aβ load in patients with AD (Rinne et
al., 2010). Although there are safety issues that will need to be resolved (Holmes et al.,
2008), immunization targeting protein aggregates remains a promising treatment approach.
Effect of immunotherapy on aggregate spreading is not known. Antibodies may promote
clearance of extracellular protein aggregates, thereby preventing the transfer of these
aggregates to neighboring cells, and may thus inhibit aggregate spreading.
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CJD Creutzfeldt–Jakob disease

AD Alzheimer’s disease

PD Parkinson’s disease

HD Huntington’s disease

Aβ amyloid-β

polyQ polyglutamine

CNS central nervous system
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NFTs neurofibrillary tangles

NTs neuropil threads

APP amyloid precursor protein
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Fig. 1.
Amyloidogenic protein aggregation process. Graph shows kinetics of amyloidogenesis.
Black trace represents the general “uninduced” amyloidogenesis, while red trace represents
the amyloidogenesis upon “seeding” with preformed aggregates. Process of
amyloidogenesis involves several intermediate species, including dimmers, small oligomers,
and protofibrils, some of which may have stability and conformational properties for serving
as “nucleus” (scheme underneath the black trace). When preformed amyloids are present,
these intermediate steps, hence the nucleation steps, are bypassed; monomers are directly
recruited to amyloids (scheme above the red trace). Globular oligomers refer to broardly
defined oligomeric aggregates, which may include both unstable “pre-nuclear” intermediates
and relatively stable intermediates with the characteristics of nucleus. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the
article.)
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Fig. 2.
Potential mechanisms of protein aggregation induced by aggregates originated from
neighboring neurons. The model depicts how protein aggregates originated from one neuron
(neuron 1) might induce protein aggregation in another neuron (neuron 2).
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