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Abstract Many neurodegenerative diseases are character-
ized by the progressive accumulation of aggregated protein.
Recent evidence suggests the prion-like propagation of pro-
tein misfolding underlies the spread of pathology observed
in these diseases. This review traces our understanding of the
mechanisms that underlie this phenomenon and discusses
related therapeutic strategies that derive from it.
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Introduction

The deposition of aggregated proteins defines virtually all
neurodegenerative disorders, including Alzheimer disease
(AD), Parkinson disease (PD), and amyotrophic lateral scle-
rosis (ALS). Protein accumulation and neurodegeneration
typically proceeds in a relatively stereotypical fashion for
these diseases, which suggests cell non-autonomous factors
drive pathology. Recent studies have linked cell-to-cell prop-
agation of pathology to molecular mechanisms reminiscent
of prion pathogenesis. This review traces our understanding
of neurodegenerative disease in light of trans-cellular prop-
agation of aggregated proteins (Table 1). This occurs via
templated conformational change, whereby an aggregated
protein of a defined structure interacts with the native mono-
mer and recruits it to a growing assembly. The recent

recognition that protein aggregates transfer between cells to
propagate pathology is helping to define new treatment
strategies.

Prion Diseases

Transmissible spongiform encephalopathies (TSEs), or prion
diseases, are a family of progressive neurodegenerative dis-
eases with a wide variety of clinical manifestations. The vast
majority of TSEs are sporadic and not derived from “infec-
tion,” and more than 40 mutations in the prion protein (PrP)
lead to autosomal dominant forms. Prusiner’s seminal stud-
ies on PrP demonstrated that PrP alone could act as a truly
infectious agent, with the ability to transfer pathology from
cell-to-cell and confer its pathological, “scrapie” conforma-
tion (PrPSC) onto naïve “cellular” PrPC.

Insight has come from structural analysis of PrP coupled
with animal models of prion diseases. Native PrPC is com-
posed of nonpathological alpha helices. Conversion to
PrPSC, an amyloidogenic beta sheet conformation, causes
neurodegeneration [1–3]. PrP knockout mice do not develop
neuropathology upon inoculation with PrPSC, and those that
are heterozygous for PrPC are more resistant to infection [4].
Thus, the propagation of pathological PrPSC to naïve cells,
with templating of its pathological conformation onto en-
dogenous PrPC, underlies the spread of prion pathology and
neurodegeneration.

PrPSC must contain a high degree of sequence similarity
to PrPC for efficient templating to occur. This “seeding
barrier” is observed in murine PrPC, which is resistant to
templated misfolding by the heterotypic hamster PrPSC.
Seeding barriers also exist for human PrPC, which is resistant
to sheep PrPSC, but not bovine PrPSC. Mice that express
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hamster PrPC in place of the murine protein are susceptible to
conversion by hamster PrPSC [4, 5]. Such seeding barriers
have also been confirmed in vitro, where a single amino acid
substitution can affect the seeding specificity of PrP fibrils [6].

Thus, efficient templating of an amyloidogenic conformation
requires primary amino acid sequences similar enough to
allow templating of the native protein into a tertiary confor-
mation compatible with the growing assembly.

Importantly, multiple fibril conformations can be formed
from a single PrP protein (Fig. 1). This is thought to explain
some of the diversity of phenotypes observed in prion dis-
eases [7, 8]. These different conformations, or strains, dem-
onstrate great morphological and biochemical diversity,
suggesting they are conformationally distinct from one an-
other [9]. This structural diversity appears to underlie the
different rates of spread and patterns of progression through
the brain, and may prove important when designing effective
therapies for these diseases [8, 9].

Expansion of the Prion Hypothesis to Aβ

The hypothesis that amyloid fibrils observed in AD act as
prions dates back to original observations that PrP forms rod-
like structures similar to Aβ [10]. At this time, it was recog-
nized that both prion diseases and AD feature progressive
cognitive decline and widespread brain amyloid deposition.

Table 1 Evidence for prion-like mechanisms in neurodegenerative disease

Protein Seeded aggregation Transcellular propagation Induced spread of pathology in vivo

In cell culture Transcellular movement Propagation of aggregated state Brain lysate Synthetic/recombinant protein

PrP Yes Yes Yes Yes Yes

[113] [114] [114] [115, 116] [117, 118]

Tau Yes Yes Yes Yes Yes

[39–41] [39] [42] [43] [46]

α-synuclein Yes Yes Yes Yes Yes

[32, 41] [32, 33, 65] [32] [32, 33]a [34, 35]

[25, 26]b

β -amyloid Yes Yes n.d. Yes Yes

[119] [120] [121]c [17]

[15, 16]d

Huntingtin Yes Yes Yes n.d. n.d.

[80, 81] [81] [81]

SOD1 Yes Yes n.d. n.d. n.d.

[77] [77]

TDP-43 Yes n.d. n.d. n.d. n.d.

[122]

aMurine model
b Human patients
c Peripheral application
d Cortical application

Seeded aggregation is the process by which extracellular protein aggregates induce misfolding of native protein in an acceptor cell. Transcellular
movement is the process by which protein aggregates escape one cell and enter a neighboring cell. Propagation of the aggregated state is the ability of
those transferred aggregates to amplify the misfolded state. Induced spread of pathology is the ability of brain lysate or synthetic seeds to cause
misfolding and progressive pathology in vivo. nd not determined,PrP prion protein, SOD superoxide dismutase, TDP-43 TARDNA-binding protein-43

Fig. 1 Amplification of a protein aggregate by templated conforma-
tional change. A native protein (blue circle) adopts a pathological
conformation that facilitates aggregation into β-sheet rich structures.
These structures can contact additional native proteins (green circles),
adding them to the growing assembly by converting them to a specific
aggregate structure
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Moreover, it was suggested that the aggregated proteins ob-
served in ADmay actually be accumulations of the toxic agent
that underlies this disease. Aβ was later identified as the
protein component of the plaques observed in AD, and famil-
ial forms of this disease were linked to mutations in the
precursor of Aβ, amyloid precursor protein (APP) [11], and
the presenilins [12, 13], which cleave APP to form Aβ. These
findings suggested the deposition of Aβ is not an epiphenom-
enon but a cause of AD. Similar genetic/pathological correla-
tions have now been described for most proteins associated
with other major neurodegenerative disorders.

Patients with AD develop progressive accumulation of
Aβ plaques [14]. To test the possibility that Aβ seeds can
promote subsequent pathology, several investigators injected
AD patient brain homogenate into APP-expressing mice.
This induced widespread senile plaques that were found as
far as the contralateral hemisphere. In contrast, brain homog-
enate that lacked Aβ pathology did not induce plaque depo-
sition [15, 16]. Brain lysate from a transgenic mouse model
of AD also induced Aβ pathology in APP-expressing mice,
demonstrating that the toxic agent was not specific to the
human brain [15]. Immuno-depletion of Aβ prevented in-
duction of plaque formation, indicating that the causative
agent was Aβ itself [15]. Injection of a synthetic form of
Aβ also accelerated plaque formation in APP-expressing
mice as compared to controls, which confirmed that Aβ
aggregates are sufficient to induce Aβ plaque formation
[17]. These experiments suggested that Aβ could meet many
of the experimental criteria typically applied to infectious
PrP in terms of its ability to produce pathology in vivo.
However, because pathogenic Aβ accumulates in the extra-
cellular compartment, it was possible to explain these find-
ings simply as a correlate of in vitro templated conforma-
tional change, as it does not require prion-like trans-cellular
propagation.

Spread of α-Synuclein Pathology to Young Neurons
in Human Patients

Studies of α-synuclein provided the first evidence for trans-
cellular movement of a protein that forms intracellular ag-
gregates. Patients with PD develop progressive Lewy body
and neurite pathology composed of aggregated α-synuclein.
Further, missense mutations in α-synuclein (A30P [18],
E46K [19], and A53T [20]) as well as triplication of the
wild-type (WT) α-synuclein gene [21] cause autosomal
dominant forms of PD. PD pathology also exhibits a stereo-
typical deposition pattern that follows known anatomical
connections. Early in the course of PD, α-synuclein accu-
mulates in the brainstem and even the enteric nervous system
before spreading to involve the midbrain and finally reaching
the transentorhinal region and large areas of the neocortex

[22]. This pattern of progressive accumulation of patholog-
ical inclusions is reminiscent of that seen with Aβ and PrP,
and is consistent with a prion model of pathogenesis based
on templated conformational change.

Intriguing findings in PD came from patients with ad-
vanced disease who received fetal mesencephalic grafts
injected into the putamen [23, 24]. The patients who came
to autopsy after only a few years had clusters of viable
dopaminergic neurons that re-innervated areas of the stria-
tum. But after longer incubation periods (12–16 years), α-
synuclein and ubiqutin-positive Lewy body pathology was
identified in the fetal grafts [25, 26]. The presence of meta-
bolically and phenotypically normal dopaminergic grafts
early in this process (18 months) suggested a long lag phase
before induction of pathology [27–29]. Several hypotheses
were presented to explain the spread of pathology into these
young neurons, including the possibility that neuron-to-neu-
ron spread of α-synuclein induced further aggregation in the
fetal grafts.

This concept was further tested in numerous rodent models
using viral expression of human α-synclein [30, 31] and
transgenic mouse models of PD [32, 33]. In one case, neural
stem cells were transplanted into transgenic mice expressing
human α-synuclein. Human α-synuclein was detected in the
grafted tissue as rapidly as 1 week after transplantation [33].
This was most consistent with α-synuclein transfer between
neurons in vivo. Recombinant human α-synuclein fibrils also
trigger the propagation of α-synuclein pathology in mice
transgenic for human α-synuclein [34], and even in wild-type
mice [35]. This confirms that α-synuclein fibrils alone are
sufficient to induce PD pathology. The injected brain lysate or
fibrils led to spread of pathology that followed known
afferent/efferent neuronal pathways, whereas regions adjacent
but not directly connect to the injected site showed fibril
deposition [34]. These results support the hypothesis that the
spread of misfolded α-synuclein may propagate pathology
between cells.

Transcellular Spread of Tau Pathology
In Vitro and In Vivo

Neurofibrillary tau pathology correlates with the neurodegeneration
and cognitive decline observed in patients [36], suggesting
it plays a role in the pathogenesis of AD. Tau deposition in
AD has been known for years to progress through anatom-
ically connected regions of the brain, beginning in the
transentorhinal region, before involving the hippocampus
and finally the neocortex [37, 38]. At the time of these
original observations, no experimental evidence supported
the concept of trans-cellular propagation of tau aggregates.

Evidence of such transmissible protein pathology has now
been observed in cell culture and in animals. In cultured cells
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tau aggregates access the cytoplasm from the extracellular
space and induce the fibrillization of native intracellular tau
[39–41]. The intracellular tau fibrils can seed further
fibrillization of recombinant protein ex vivo. Upon co-cul-
ture, intracellular tau fibrils, induced initially by exogenous
tau fibrils, escape “donor” cells to be taken up by “recipient”
cells [39]. More recent work has demonstrated true propaga-
tion of tau pathology in cell culture, whereby fibrils formed
in one cell are released free into the media, gain entry to
recipient cells, and directly contact the native protein to
amplify aggregation [42]. A blocking antibody prevents this
trans-cellular propagation, and can immunoprecipitate tau
fibrils from conditioned media [42]. These data are most
consistent with the idea that tau aggregates themselves serve
as a “pathogenic agent” that can propagate pathology be-
tween cells.

Studies in vivo also support this idea. Injection of brain
lysate containing aggregated forms of tau into mice that ex-
press WT human tau induced the formation of neurofibrillary
tangles in the recipient mice. These spread beyond the injected
hippocampus to more distant sites, including somatosensory
cortex [43]. Immuno-depletion of tau from the injected mate-
rial prevented induction of neurofibrillary tangles, confirming
tau, and not a nonspecific “toxic factor” as the cause of
pathology. Finally, injection of P301S-containing brain lysate
into mice that only express murine tau produced very limited
pathology that was confined to the injection site [43]. This was
reminiscent of the seeding barriers observed for PrP.

To further explore the spread of tau pathology throughout
the brain, two groups used a transgenic mouse model that
restricts P301L tau expression to the entorhinal cortex (EC)
[44, 45]. De Caglignon et al. [44] verified the limited ex-
pression of this transgene using in situ hybridization, which
was further verified by qPCR on laser captured neurons. The
group observed tau pathology in young mice that was limited
to the medial entorhinal cortex (MEC). In aged mice, how-
ever, the granular layer of the dentate gyrus (DG), a region
synaptically connected to the MEC, also exhibited tau pa-
thology. Given tau expression relatively restricted to the
MEC, this was consistent with tau transfer across synapses.
On the other hand, Liu et al. [45] used qPCR analysis in these
mice to determine that human tau was in fact expressed in a
subset of neurons in the dentate gyrus. This group also
crossed the neuropsin promoter driver line to a beta-galacto-
sidase reporter mouse, and observed a few neurons stained
positive in the DG. The authors concluded that the tau
mRNA detected by qPCR could not explain the large amount
of tau deposition observed in the DG in aged mice. Results of
these studies are generally consistent with trans-neuronal
spread of tau pathology, but it is still somewhat unclear
how much of the pathology observed in this model is from
trans-synaptic spread vs. transgene expression outside of the
EC.

Recombinant tau protein also induces the spread of tau
pathology in mice that express a human isoform of tau
protein [46]. In mice injected with different amounts of
recombinant fibrils, tau pathology occurred as far as the
contralateral hippocampus. Thus purified tau protein is suf-
ficient to trigger the propagation of tau pathology in vivo.
Taken together with the cellular studies, these results strong-
ly support the hypothesis that tau aggregates propagate pa-
thology between cells.

Neuroimaging Evidence for Network Involvement

Advances in functional magnetic resonance imaging (fMRI),
particularly resting-state functional connectivity MRI (rs-
fcMRI), have provided insight into the neural networks of
the brain. These new methods highlight the relationship of
neurodegeneration patterns to existing brain networks. In a
subject at rest, rs-fcMRI measures the temporal correlation in
the blood-oxygen level dependent (BOLD) signal across
different brain regions. Those regions with synchronous
BOLD activity correspond to known anatomic networks, or
areas commonly co-activated during a task [47–49].

The patterns of atrophy observed in patients with AD,
behavioral variant frontotemporal dementia, semantic de-
mentia, progressive non-fluent aphasia, and corticobasal
syndrome matched five separate functional connectivity net-
works defined in a healthy control cohort [50]. Distinct
disease “epicenters” were defined for each of the five syn-
dromes, where the connectivity pattern in healthy controls
precisely matched the atrophy pattern observed in patients.
Further, the shortest functional path length to the identified
“epicenter” of neurodegeneration, not spatial proximity, best
predicted atrophy in a given region of the brain [51].
Association of atrophy with functional proximity, and the
progression of these diseases along known networks is con-
sistent with trans-neuronal spread of a toxic substrate be-
tween functionally connected brain regions, and with the
atrophy patterns produced in mice following injection of
pathogenic fibrils.

Escape of Aggregates from Neurons

It is unknown how protein aggregates escape the cells in
which they are formed, but studies have begun to uncover
potential mechanisms (Fig. 2a). Monomeric tau is clearly
released from cells, as tau has been found in the interstitial
fluid (ISF) of wild-type mice in the absence of injury or
neurodegeneration [52]. Mice expressing aggregation-prone
mutant P301S tau have demonstrated a drop in soluble ISF
tau and an increase in CSF levels, associated with intracel-
lular aggregation (the microdialysis probe used in this
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study cannot measure tau aggregates). These results are
consistent with a local shift of soluble tau to a more aggre-
gated, insoluble form that would not be detected by micro-
dialysis. In contrast, increased CSF tau seems to reflect the
neurodegeneration observed in these mice, consistent with
an increased cellular release of tau in disease [52]. However,

tau levels do not correlate with lactate dehydrogenase or
tubulin release into the media [53, 54], implying that release
is not due to increased cell death. This observation is sup-
ported by evidence that monomeric tau secretion is an active
process, as tau release is inhibited at low temperatures [53],
and has been linked to synaptic activity [55]. It is still quite

Fig. 2 Mechanisms of
aggregate release and uptake.
(a) Mechanisms of aggregate
release. Proteins that misfold
and aggregate might be secreted
via several mechanisms. Direct
penetration and vesicle fusion
release aggregates directly into
the media, whereas
multivesicular (MVB) body
secretion and direct budding
produce aggregate-laden
vesicles. Therapeutic
interventions can target the
production of aggregate-prone
proteins through RNA
interference and antisense
oligonucleotides. Small
molecules might stabilize the
native protein structure or
inhibit templated misfolding of
the cognate monomer. (b)
Mechanisms of aggregate
uptake. Fibrils are endocytosed
by vesicle fusion or fluid-phase
endocytosis. Aggregate escape
into the cytosol allows further
seeding and aggregation of
endogenously expressed
protein. Antibody blockade of
cell attachment or endocytosis
of aggregates will prevent the
spread of misfolded protein, and
therapies that induce relevant
degradation pathways may
increase the clearance of
aggregates from the cell
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unclear whether the release of monomeric vs. aggregated tau
is occurring via the same mechanism.

Several explanations have been proposed for tau release.
These include unconventional secretion directly into the me-
dia [53, 54], vesicle-associated release [56] and exosome-
associated release [57, 58]. While certain studies show a
subset of secreted tau is found in the exosomal fraction of
conditioned media [58], others show little to no tau in this
fraction [53, 54]. Importantly, free tau oligomers may copurify
with exosomes, which would hinder accurate assessment of
tau release by this mechanism. Protease digestion of this
fraction could determine if tau is shielded within exosomes.
Immuno-electron microscopy could also test whether tau ag-
gregates colocalize with exosome markers.

In contrast to evidence for exosome-mediated release,
immunoprecipitation of tau fibrils from culture media sup-
ports direct release of free fibrils into the extracellular space
[42, 53]. Finally, an anti-tau antibody has been observed to
block cell-cell propagation of aggregation “donor” to “recip-
ient” cells by preventing cell uptake [42]. These findings
suggest aggregated tau escapes directly into the extracellular
space.

α-synuclein is also detectable in both human CSF and
plasma in soluble, oligomeric forms that may have use as
potential biomarkers for PD [59, 60]. α-synuclein secretion
appears to be mediated by an unconventional mechanism,
independent of the ER/Golgi [61, 62]. Evidence suggests that
this secretion is an active process as it is temperature sensitive,
independent of cell death, and the amount of α-synuclein
released from cells does not correlate with the release of other
cytosolic proteins into the media [62]. Release of α-synuclein
may occur through multiple mechanisms, however. Free α-
synuclein can be immunoprecipitated from media and human
CSF [60], and at least a subset of the toxic species in condi-
tioned media is removed via α-synuclein-specific immuno-
precipitation [61]. Calcium-mediated exosome release may
also contribute to secretion, as α-synuclein can be found in
the exosomal fraction of conditioned media [61, 63].
Importantly, a subset of α-synuclein remains intact in the
exosome fraction after trypsin digestion, but is absent after
saponin-mediated membrane permeableization, confirming it
is protected from protease digestion within exosomes [63].

Uptake of Aggregates into Neurons

Uptake of protein aggregates is almost certainly required to
propagate aggregate pathology (Fig 2b). Conflicting data
have been presented for tau, α-synuclein, and huntingtin
peptides. α-synuclein uptake reportedly occurs via a temper-
ature-sensitive mechanism that can be blocked by inhibiting
endocytosis with a dominant negative dynamin mutant [32,
33, 64]. Proteinase K, which removes proteins from the

extracellular surface, also abolishes the majority of α-
synuclein uptake from the media [64]. This is consistent with
a receptor-mediated mechanism. While the post-endocytic
trafficking of α-synuclein is not yet clear, lysosomal inhibi-
tion with Bafilomycin A increases the levels of accumulated
α-synuclein in the acceptor cell population [33, 64]. Thus,
the internalized α-synuclein may be degraded via lysosomes.

Trans-synaptic movement of α-synuclein between neu-
rons was recently demonstrated using a microfluidic cham-
ber to separate first-order from second-order neurons in
culture. First order neurons were incubated with α-synuclein
fibrils, and these fibrils were observed to move along axons
into the neighboring chamber. α-synuclein was observed in
the soma of second order neurons after a 24-hour exposure of
the first-order neurons. Spread to second-order neurons was
not observed unless first-order neurons were present, thereby
ruling out diffusion of aggregates through the microfluidic
device. The kinetics of movement were consistent with slow
component-b transport along the axon, rather than diffusion.
These results support the idea that α-synuclein can be
transported anterograde, released, and spread to second order
neurons trans-synaptically [65]. However, the role of synap-
tic activity in this type of transfer is unknown.

Similar to α-synuclein, tau aggregates are taken into the
cell through an active, temperature sensitive process [39, 40].
This appears to be mediated by fluid-phase endocytosis at
the plasma membrane, rather than penetration through the
lipid bilayer [39, 66]. While tau aggregates are readily taken
into cells, monomeric tau does not gain access to the intra-
cellular space [39, 66], implying higher-order oligomers may
be required for efficient internalization. Microfluidic cham-
bers have been used to show that tau aggregate uptake is
possible at the somatodendritic compartment as well as axon
terminals, and fibrils can be transported both anterograde and
retrograde once inside neurons [66]. These results are con-
sistent with the observation that tau pathology is associated
with brain networks, but it has not yet been demonstrated
that true propagation of aggregation across such networks
occurs in vivo, as opposed to simple movement of protein
aggregates.

Spreading Pathology in ALS

ALS has long been recognized as a disease of the motor
network, since it involves progressive loss of both upper and
lower motor neurons. Furthermore, the clinical symptoms
and motor neuron pathology typically begin focally before
spreading throughout the spinal cord. The spread appears to
occur along neuroanatomically connected regions, and the
rate and pattern are consistent with axonal spread of a toxic
agent [67–69]. These observations are all consistent with
cell-to-cell spread of misfolded proteins and subsequent
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templating of this conformation could underlie the spread of
pathology, but does not rule out other possibilities. Familial
forms of ALS (fALS) due to mutations in superoxide
dismutase 1 (SOD1) [70, 71], fused in sarcoma (FUS) [72,
73], and TAR DNA-binding protein 43 (TDP-43) [74] are
now widely described. These proteins accumulate in aggre-
gates observed upon pathological examination of motor neu-
rons, but have not been as extensively studied for potential
prion-like mechanisms.

SOD1 is detectable in the CSF of control and fALS
subjects [75], and is released from cells in culture [76].
Furthermore, it was recently observed that SOD1 fibrils
can transfer between cells and be taken up via clathrin-
independent macropinocytosis [77]. In neural cells, SOD1
localized to endosomes after internalization, but could es-
cape to induce native cytosolic SOD1 to aggregate. This
templated misfolding persisted for at least a month, well after
the original internalized aggregates were no longer detect-
able [77]. SOD1 seeds can also be found in the CSF of mice
that over-express an aggregate-prone mutant form of the
protein, and these seeds can induce new fibril formation of
recombinant SOD1 in vitro [78]. While this has not yet been
tested in vivo, the cellular results suggest SOD1 fibrils might
also propagate a misfolded, amyloid conformation between
cells.

Prion-Like Properties of the Huntingtin Protein

Huntington disease (HD) is caused by an elongated
polyglutamine (polyQ) tract in the huntingtin protein (Htt).
The polyQ expansion causes Htt to form amyloids in neurons
[79]. Expanded polyQ peptide amyloids gain access to the
cytoplasm of a variety of mammalian cells upon introduction
to the culture medium [80]. The fibrils that are taken into the
cell can induce the aggregation of other proteins with polyQ
tracts, and this misfolding is maintained for multiple pas-
sages, implying the aggregates formed from endogenously
expressed protein can also seed further intracellular
misfolding and aggregation, similar to yeast prions [81].

Htt aggregate release into the media has not been clearly
documented, but cell lystates promote aggregation in an
acceptor cell population [81]. Cells can therefore take up
Htt, but cell-to-cell transfer of these aggregates appears
relatively inefficient compared to the other aggregation-
prone proteins discussed above. The exact amino acid se-
quence surrounding the polyglutamine tract can influence
the propensity of uptake, as fibrils composed of KKQ44KK
bind cells much more readily than fibrils formed from a
fragment of the Htt protein [80]. Thus, polyQ fibrils can be
taken into cells and seed the aggregation of other polyQ-
containing proteins, but this phenomena depends on the
sequences that flank this tract. It is unclear whether the

relatively low propensity of polyQ aggregates to be released
and enter neighboring cells represents an artifact of the
experimental systems (which use shortened forms of Htt)
or whether this process would be more efficient in vivo in the
setting of full-length protein. This phenomenon may extend
to other polyglutamine containing proteins, but the literature
has focused on Htt-Exon1 and synthetic polyglutamine
tracts.

Developing Effective Treatments for Neurodegenerative
Disease

Classical treatment designs have focused on decreasing pro-
duction, increasing intracellular clearance, and preventing
aggregation of the proteins implicated in neurodegenerative
diseases. Given the recent work regarding mechanisms of
transcellular propagation, treatment strategies may soon be
expanded to include extracellular clearance, inhibiting secre-
tion and preventing uptake of pathological protein aggregate
seeds. Endogenous expression of PrP is required for the
spread of pathology, and decreasing either the endogenous
or misfolded form of this protein is a viable treatment strat-
egy [82, 83]. Given the current evidence for prion-like
spread of the proteins implicated in other neurodegenerative
diseases, decreased production may also have special benefit
in this regard.

RNAi and Antisense Oligonucleotide Therapies

RNA interference (RNAi) and antisense oligonucleotides
(ASOs) both have potential utility. These techniques target
a highly specific sequence present in the mRNA of a target
protein, leading to decreased translation (RNAi) or degrada-
tion of the mRNA transcript (RNAi/ASO) [84–86]. RNAi
techniques can preferentially decrease the expression of a
mutant allele over the wild-type transcript, as base pair mis-
matches between the siRNA and target RNA inhibit their
binding and subsequent degradation [86]. Furthermore, these
techniques allow for great versatility in the region targeted
by these nucleotides, while retaining specificity due to
unique mRNA sequences in the target transcripts. This form
of treatment has been used in a mouse model of prion
disease, and shRNA mediated knockdown of PrP in just a
subset of neurons greatly extended the length of survival
compared to control mice [82]

While RNAi based systems show great promise in
treating several diseases [84, 86], limited uptake into cells
and distribution to target tissues have hindered their use in
vivo, and unforeseen off-target interactions may cause ad-
verse effects in patients. Furthermore, high levels of shRNA
appear to compete with endogenous miRNA processing, and
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have produced harmful effects in vivo [86]. Developing
viable strategies to facilitate the delivery of shRNA and
siRNA, as well as improving their safety in vivo would
greatly improve the therapeutic options available for numer-
ous neurodegenerative diseases.

Antisense oligonucleotides (ASOs) also pair with high
specificity to target mRNA sequences and induce their deg-
radation. These molecules have some advantages over
RNAi-based approaches, as they are readily modified to
improve their stability and decrease their susceptibility to
exonuclease degradation, leading to increased longevity in
vivo. Specific modifications can also improve their solubility
and tissue distribution, which will allow for decreased con-
centrations to be used in vivo [83, 85].

The efficacy of ASOs has also been assessed with various
animal models of neurodegenerative disease. ASOs were
used to decrease PrP in a mouse model of prion disease,
and led to a dramatic increase in the length of survival
compared to control mice [83]. ASO-mediated decrease of
huntingtin protein in a mouse model of Huntington’s disease
delayed and even reversed pathology. This effect persisted
for months after the mRNA and protein levels of huntingtin
returned to baseline, indicating a robust and long-lasting
effect [85]. ASOs also decreased mutant SOD1 in both the
brain and the CSF in a mouse model of ALS [87]. Finally, a
recent clinical trial was completed to verify the safety of
intrathecal delivery of ASOs against SOD1 in patients with
ALS (NCT01041222). Delivery of ASOs may have as yet
undefined risks, and it is unknown how effectively their
intrathecal delivery will knock down target genes throughout
the brain. Despite these inherent limitations, antisense oligo-
nucleotides carry great promise.

Preventing Aggregation of Amyloidogenic Proteins

Preventing the aggregate formation has long been sought as a
therapeutic strategy for neurodegenerative diseases, with
disappointing results. Most of the therapies have been
designed to disrupt fibrillar species, without necessarily af-
fecting stability of the native protein. An alternative strategy
has been applied successfully to transthyretin. Transthyretin
amyloidoses cause fatal, progressive peripheral neuropathy
and cardiomyopathy, based on accumulation of oligomers
that assemble into amyloid deposits [88, 89]. Transthyretin
normally forms a tetramer whose dissociation into mono-
mers is a critical first step in fibril formation. Thus, based on
knowledge of tetramer structure, an alternative strategy was
adopted to stabilize this form with a small molecule,
Tafamidis. [90]. In a randomized, controlled trial it preserved
nerve fiber function and slowed neurological deterioration in
patients with amyloidosis [91]. The remarkable success of
this approach will no doubt encourage exploration of similar

treatments to prevent amyloidogenesis in other neurodegen-
erative diseases.

Extracellular Clearance, Degradation, and Prevention
of Uptake of Aggregated Proteins

Clearance of extracellular aggregates and inhibition of cell
uptake could work in tandem to block progression of diseases.
Antibodies show promise in this regard. Both passive and
active immunization against Aβ in mouse models of AD
prevented memory loss and behavioral impairment, and re-
duced Aβ neuropathology [92–96]. These studies led to the
development of several active and passive vaccination strate-
gies in clinical trials. One of the earliest trials, based on active
vaccination, was interrupted due to a subset of patients that
developed meningoencephalitis [97], but the results of this
trial proved informative. An over-exuberant T cell response
appears to have been responsible for the meningoencephalitis
that was observed in patients [98, 99]. New trials have there-
fore focused on active [100], or passive vaccination that does
not stimulate a Tcell response [101]. Two phase III trials using
passive immunization against Aβ did not meet their primary
endpoints, although Solanezumab did show a small but sig-
nificant reduction of cognitive decline in those with mild
dementia after pooling data from two clinical trials [102],
and based on this it is being carried forward to Phase III
studies. These results highlight the need for a deeper under-
standing of the complex mechanisms that underlie AD, and
mark a push to treat patients before the pathological cascade of
AD has begun to cause overt cognitive decline [103]. Multiple
trials are attempting to apply these therapeutic interventions in
those with dominantly inherited AD before the onset of clin-
ical symptoms. This will provide a crucial test of the idea that
removing Aβ in those who are predestined to develop pathol-
ogy will prevent or slow disease.

Numerous mouse tauopathy models have also been used to
assess the efficacy of active immunization [104–107] and
passive immunization [54, 108] against tau protein. These
studies are encouraging for the development of effective im-
mune-based strategies. With new knowledge about the role of
extracellular tau it may become easier to understand why these
approaches might be working. Multiple mechanisms could be
at play, including disaggregation of tau, promotion of extracel-
lular degradation, and blocking cell entry. One antibody, for
example blocks aggregate uptake in a cell culture model of
aggregate propagation [42].α-synuclein studies have provided
further insight into mechanisms of aggregate clearance. In this
work, antibodies against α-synuclein allowed more rapid
clearance of these aggregates through Fc receptors on microg-
lia. Antibody-bound aggregates traffic more readily to the
lysosomes of microglia, allowing for more effective break-
down and decreased cell-cell transfer of α-synuclein in a
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transgenic mouse model [109]. Both active and passive immu-
nization against α-synuclein in a transgenic mouse model of
PD decreased α-synuclein accumulation and decreased
neurodegeneration and functional decline [110, 111]. The first
vaccination-based treatment for PD is currently in phase I
clinical trials. This active vaccination was designed to be
specific for α-synuclein while sparing β-synuclein, and the
immunogen contained short stretches of amino acids to prevent
a T-cell autoimmune response [112]. Immunotherapies for
proteins associated with neurodegenerative disease thus have
exciting potential, and are now being pursued by multiple
pharmaceutical companies.

Conclusions

Despite vast differences in the clinical manifestations of neu-
rodegenerative diseases linked to amyloid protein pathology, a
clear pattern has emerged regarding their spread. Pathology
emerges in a select area of the nervous system, and progresses
along known neuroanatomical connections. Such diseases
invariably include accumulation of aggregated protein(s),
and genetic mutations that are linked to these amyloidogenic
proteins are often identified as rare causes of familial forms of
these disorders. Fibrillar protein aggregates or oligomers have
been shown in several different disease models to be released
and taken up by cells in vitro and in vivo. Once internalized,
they can seed native protein, thereby propagating the patho-
logical conformation to new cells. The mechanisms of patho-
logical protein spread discussed here thus may have broad
implications for the development of effective treatments to
slow or stop the progression of these diseases.
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