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Abstract

Most age-associated neurodegenerative diseases involve the aggregation of specific proteins
within the nervous system. In Alzheimer’s disease, the insidious pathogenic process begins many
years before the symptoms emerge, and the lesions that characterize the disease — senile plagues
and neurofibrillary tangles — ramify systematically through the brain. We review evidence that the
B-amyloid and tau proteins, which aggregate to form senile plaques and neurofibrillary tangles,
respectively, are induced to misfold and self-assemble by a process of templated conformational
change that amplifies atoxic species. Recent data also indicate that the spread of these lesions
from one site to another is mediated by the cellular uptake, transport and release of endogenous
seeds formed by the cognate proteins. This simple pathogenic principle suggests that the
formation, trafficking and metabolism of pathogenic protein seeds are promising therapeutic
targets for Alzheimer’ s disease and other neurodegenerative disorders.

Many age-related neurodegenerative diseases involve the anomal ous aggregation of specific
proteins within or among the cells of the nervous system. These diseases include
Alzheimer’ s disease (AD), Parkinson’s disease, amyotrophic lateral sclerosis,
frontotemporal dementia, and many others. Because these are chronic disorders, the signs
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and symptoms generally become evident only after the degenerative tragjectory is well
underway. Furthermore, the regenerative capacity of post-mitotic cells such as neuronsis
negligible. For these reasons, an effective disease-modifying therapy will probably require
that treatment be initiated early, which in turn demands a fuller understanding of the seminal
events in the pathogenic cascade. Recent evidence indicates that, in a variety of
neurodegenerative diseases, protein aggregation isinitiated, and the aggregates continue to
proliferate, by a prion-like process of templated protein corruption, or seeding. In this brief
review, we will describe the potential role of protein seeding in the instigation and spread of
the cardinal lesions that characterize AD. We believe that this disease concept has the
potential to unify our approach to abroad class of clinically and pathologically dissimilar
disorders.

Protein aggregation and the prion paradigm

Most proteins fold into their functional three-dimensional architecture shortly after they are
generated within the cell; others, called intrinsically unfolded proteins, retain a degree of
structural ambiguity. Under pathogenic conditions, some proteins misfold into a
configuration that isrich in -sheet secondary structure, which is often quite stable and
capable of binding to, and conformationally corrupting, cognate molecules. The resulting
aggregates include the intracellular inclusions and/or extracellular deposits that are typically
associated with each disease. In addition to the larger lesions that can be detected with the
light microscope, small, soluble aggregates known as oligomers have been increasingly
implicated in the cytotoxic effects of some pathogenic proteins.

The ability of misfolded proteins to propagate by the corruption of like molecules underlies
the unusual nature of the prion diseases, which can be infectious, genetic, or idiopathic in
origink. The infectivity of prionsis made possible in part by their remarkable stability; it
enables them to survive the transfer from one organism to another, where they initiate a new
nexus of prion formation. In genetic and idiopathic variants of prion disease, which account
for the great majority of casesin humans, the prions probably originate endogenoudly. In
thisinstance, it is thought that an intrinsic prion protein misfolds, evades cellular clearance,
and then initiates the sequential corruption of other prion protein molecules.

Presently there is no evidence that the non-prion proteopathies are infectious in the same
manner as prion diseases. We contend, however, that the pathogenesis of multiple disorders
is governed by a prion-like mechanism of endogenous misfolding and templated corruption
of disease-specific proteins. This principle may help to illuminate both the earliest events
that give rise to neurodegenerative diseases, and the means by which they ramify through
the nervous system.

Alzheimer disease (AD)

The 2 proteins that, in their aggregated state, histopathologically define AD are -amyloid
(Ap) and tau. The AP protein is an approximately 40- to 42 amino acid cleavage product of
the AP precursor protein (APP) that misfolds and self-assembles to form senile plagues and
cerebral AB angiopathy. The tau protein normally promotes the stability of microtubules, but
in the disease condition, tau polymerizes into filaments that constitute neurofibrillary tangles
(NFTs). Although these lesions are not exclusive to AD, when plagues and NFTs are
sufficiently numerous in patients with clinical dementia, they are pathognomonic for the
disease.

In the past several decades, a number of groups have analyzed plagues and NFTsin
postmortem brains of humans at various ages. The findings, broadly considered, suggest that
the lesions spread systematically, possibly along neuronal pathways that interconnect
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different regions? (see also the following discussion of tauopathy). Magnetic resonance
imaging studies in living subjects support this view—the brain regions most prominently
affected in AD aretightly linked components of neuronal networks, suggesting that
pathogenic factor(s) travel via neuronal transport and transsynaptic diffusion.3-4 Evidence
that the agents involved in the instigation and spread of AD-like lesions are specific
proteinaceous seeds has emerged from experiments with genetically modified rodents.

The seeded initiation and spread of aggregated AR

In aparadigm similar to that used to study the transmission of prion disease, the
intracerebral injection of dilute brain extracts from patients with AD induces the formation
of senile plagues and cerebral amyloid angiopathy in mice expressing mutant human APP
transgenes.? Present data indicate that the essential inductive agent in this model is
aggregated AB: (1) the brain extract is active only if it contains misfolded AP (control brain
extracts are ineffective); (2) seeding is prevented when A is neutralized by adding formic
acid or anti-AB antibodies to the extract; (3) seeding does not occur in nontransgenic rodent
hosts, which generate a variant A} sequence that does not readily aggregate; (4) AB-rich
brain extracts from APRtransgenic mice seed as potently as do extracts from AD brains,
ruling out factors that are specific to the human brain; and (5) the immunoreactivity in the
brains of the host miceis not the injectate itself because the induced deposits appear only
after alag period, the duration of which depends on the characteristics of both the seed and
the host.2 Finally, a recent study has shown that cerebral A amyloidosis can be seeded by
pure, aggregated, synthetic Ap, albeit with less potency than A that has aggregated within
theliving brain.>

When viewed from the perspective of in vitro and in vivo experiments, we can begin to draw
some tentative conclusions about the nature of AP seeds and the seeding paradigm. It seems
likely that A, like prions, can misfold and aggregate into structurally and functionally
variant strains.2 The Ap seeds also vary considerably in size, ranging from small, soluble
multimers to large, insoluble aggregates.” At least some AP seeds are able to induce Ap
deposition in the brain following injection into the peritoneal cavity. Finally, following the
injection of AB-laden extractsinto 1 brain region, A deposits appear in noncontiguous but
axonally interconnected areas; this suggests that the pathogenic seeds can expand along
defined pathway's, possibly via neuronal transport mechanisms.?

Whereas the af orementioned studies used an exogenous seeding paradigm, endogenously
generated AB aggregates have been found to traffic preferentially among interconnected
brain regionsin APP-transgenic mice.? In the context of a growing literature on the
spatiotemporal manifestations of AP pathology, these findings in experimental models
implicate proteopathic A seeds as an essential element in the initiation and expansion of
aggregated AP in AD. Aswe will now discuss, endogenously generated aggregates of tau
also can mediate the development of tauopathy in the brain.

The seeded initiation and spread of tauopathy in vivo

In addition to its key rolein AD, the tau protein polymerizes into characteristic NFTsin a
variety of other neurological conditions.1% One of the most intriguing aspects of AD isthe
temporal and spatial spread of disease pathology through the brain from regions of initial
vulnerability.1! Thisis especially well defined for tauopathy, which is highly correlated with
cognitive decline.12 Early studies of the distribution of NFTsin AD led to the conclusion
that superficial cells of the entorhinal cortex are among the first neurons to be affected and
thereafter a hierarchical pattern of progression occurs, ultimately affecting anatomically
closely connected limbic and association cortices.13 These observations did not distinguish
between 2 possibilities: the selective vulnerability of this group of neurons might be due to
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an intrinsic property of these relatively large projection neurons, or the vulnerability may be
due to their connectivity to one another.

In the last year, de Calignon et al14 in the Hyman laboratory and Liu et a1 in the Duff
laboratory (see the discussion later) approached this problem by directly testing the latter
possibility. These |aboratories independently generated similar lines of genetically
engineered mice that express a pathogenic human tau transgene'®-17 under a promoter
restricted to the entorhinal cortex.18 By immunostaining as well as by in situ hybridization,
the tau transgene was shown to be expressed uniquely in entorhinal projection neurons,
including their axons and terminals. Importantly, the models have recapitul ated the temporal
and spatial aspects of NFT distribution, demonstrating that NFTs emanating from the
entorhinal cortex can propagate pathology in neuroanatomically connected areas.

The entorhinal cortex projects massively to the dentate gyrus via the perforant path, with the
projections terminating in the middle third of the molecular layer (MML) of the dentate
gyrus. Thus, anatomically, it was possible to address the question of whether deafferentation
of downstream neurons (i.e., in the dentate gyrus) led to their vulnerability independent of
intrinsic factors that would lead to tau accumulation and to NFTs because the neurons to
which the entorhinal cells project were normal, wild-type neurons that did not express the
transgene. Asthe mice aged, the granule cells of the dentate gyrus did indeed develop NFTs.
Asshownin Figure 1, at age 12 months the dentate gyrus does not contain immunoreactivity
for human tau, whereas by 24 months, numerous granule cells are immunopositive.
Surprisingly, these lesions included human tau, despite the fact that human tau messenger
RNA was not detectable within the cell bodies.

Further evidence that there wasllittle if any human tau messenger RNA in the dentate gyrus
granule cell bodies came from alaser-capture microscopy experiment in which human tau—
immunopositive, in situ—negative neurons were collected and tested by quantitative reverse
transcription—polymerase chain reaction.1* Again, no human tau message was detected.
Moreover, reporter lines expressing 2 different fluorescent markers of gene expression were
examined, and neither showed expression in the dentate gyrus.1® Taken together, these
experiments indicate that human tau is released from the terminals of the entorhinal cortex
neurons and propagated to the dentate gyrus granule cells. Additional evidence supporting
thisidea was the observation that human tau could be (rarely) detected in both microglia and
astrocytes in the terminal zone in the molecular layer of the dentate gyrus. Thisarguesin
favor of tau being released and taken up into other cells.

The second intriguing observation was made when the lesions were examined using
antibodies specific for human or mouse tau. The aggregates contained human tau,
presumably misfolded on the basis of the P301L mutation. However, endogenous mouse tau
was found to coaggregate with the human tau core.1# In fact, in many cells, the mouse tau
aggregates were morphologically more robust than the human tau nidus. Thisfinding
suggested that the human tau acted as a misfolded template for endogenous wild-type mouse
tau and that the latter was then able to aggregate and form a stable tau aggregate.

Collectively, these results suggest that there may well be 2 critical factors that determine the
hierarchical march of NFTs across association and limbic areas: their connectivity does
matter, and there is an important role played by the release of misfolded tau and uptake from
axon terminal s that results in downstream neurons being exposed to misfolded, mislocalized
tau. We postulate that this leads to the propagation of NFTs across anatomically connected
brain regionsin AD. These results also suggest the possibility that characteristics of the
downstream neurons are critical for whether another NFT will form.
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Among the uncertainties are the following: the mechanism of release and uptake of
misfolded tau, the waysin which that misfolded tau evades degradation programs, and how
misfolded tau interacts with the (normally axonal) endogenous tau to form mislocalized
aggregates in the cytoplasm. Individual cells may also initially differ in their ability to deal
with misfolded proteins, based on proteasomal degradation capabilities, or other misfolded
protein response pathways. Many of these issues can be addressed effectively in cell culture
models (see the following discussion). Finally, the relationship between the release and
uptake of misfolded tau and neurodegenerative phenotypes—synaptic loss and ultimately
neuronal loss remains to be explored, although recent observations using a
synaptoneurosomal preparation of human AD brain material are consistent with the
accumulation of proteasome-resistant tau in both presynaptic and postsynaptic
compartmentsin the AD brain.19

The medial perforant path, which originatesin layer Il of the entorhinal cortex and
terminates in the MML of the dentate gyrus, is progressively affected by NFT formation
prior to the appearance of substantial cognitive decline, and it is devastated in AD.20 The
Duff laboratory has undertaken a detailed histopathological investigation of anatomically
selective tau-transgenic mice to define the age-related evolution of tauopathy originating in
the entorhinal cortex (Figure 2). In young mice, human tau accumulates at the end zones of
axonal terminals in the perforant pathway, within the MML of the dentate gyrus, and in cells
and neurites of the subiculum and entorhinal cortex (both medial and lateral). Asthe mice
age more than 18 months, human tau accumulates as thioflavin S—positive, silver-positive
NFTsin the somatodendritic compartment of the entorhinal cortex, and far less tau staining
isseen inthe MML. Significantly, human tau now appears in granule cells of the dentate
gyrus, including in cells with no endogenously expressed human tau.14 Postmortem studies
of patients with AD show little (or late) pathology in granule cellsrelative to CA1 pyramidal
cells. High levels of tau in the granule cells of the mouse probably reflect the high levels of
the protein expressed in layer |1 neurons compared with layer I11. However, progressively
denser immunostaining in CA1 is observed in very old mice and with pathology-related
antibodies such as MC1 compared with antibodies that recognize all tau such as CP27. Full
characterization of these mice is reported by Liu et al1> and de Calignon et al.14

The observation of human tau protein in the granule cells—cells that are physically
separated by a synapse from where the tau is produced in entorhinal cortex neurons?’—
strongly supports the idea that human tau can transfer between cells, and it appears most
likely that this occurs as free tau conformers are released and then internalized viathe
extracellular space. Although tau usually exists as a cytoplasmic protein closely associated
with microtubules, it has been found outside cells in the cerebrospina and interstitial fluids,
even in the absence of overt neurodegeneration.?? It has also been found in secreted vesicles
termed exosomes 2324 although exosome-mediated secretion may only be a response to
overabundant or abnormal tau as normal tau present at endogenous levelsis not seenin
exosomes.2? |t is known that tau can be internalized from outside cells where it can promote
templating to endogenous tau, both from in vitro (see later discussion) and in vivo? studies.

Several models can be proposed for the propagation of pathological tau (reviewed by Frost
and Diamond?”). To better understand the mechanisms and requirements for tau uptake, the
Duff laboratory has examined whether tau conformers can be taken up by primary neurons
using neurons grown in Campenot (microfluidic) chambersto alow for separate analysis of
somatodendritic and axonal compartments. Primary neurons grown in microfluidic
chambers were incubated with fluorescently labeled low-molecul ar-weight conformers
either in the somatodendritic chamber or in the axonal chamber. Conformers were
internalized; in experiments where dextran was added, the conformers colocalized with
dextran, indicating that the mechanism of uptake was bulk endocytosis. Conformers were
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transported down axons, which emerge in the opposing chamber. By adding tau to different
chambers, it was possible to demonstrate that uptake and transport can be both anterograde
and retrograde. Thisis of significance for spread because athough the entorhinal cortex to
granule cell pathway is anterograde, spread to other regions could be through retrograde or
anterograde movement. Interestingly, monomeric tau did not bind to cells, which would
make it unlikely that normal tau (presumed to be soluble and monomeric) in the intertitial
fluid would be internalized by cellsin vivo. Based on both published and presented data
from researchersin the field, it is possible that intracellular tau aggregates, released via
secretion as a means of clearance or on degeneration of axons or somatodendritic
compartments, could be internalized by anatomically connected cells and then anterogradely
and retrogradely transported to remote brain regions. Aggregates could accumulate,
clogging cellular degradation machinery such as the ubiquitin-proteasome system and
autophagy. Subsequently, aggregated proteins that failed to be sequestered or degraded may
cause local membrane rupture of degradative organelles, leading to their release into the
cytosol, where they could physically interact with intracellular soluble protein and trigger
the endogenous misfolding of tau. Thus, the temporally and spatially distinct distribution of
tau pathology that defines the early stages of AD could be explained by the uptake,
templating, and release of aggregated tau between neurons in neuroanatomically connected
circuits. The cellular mechanismsinvolved in the propagation of aggregated assemblies of
tau protein will be considered next.

Transcellular propagation of tau aggregation in vitro

Asdiscussed earlier, in vivo studies implicate prion-like seeding mechanisms in the
initiation and spread of both extracellular (Ap) and intracellular (tau) protein aggregates. In
paralel, in vitro cell biology studies are shedding light on how these phenomena might
occur through the transcellular propagation of protein aggregates. The Diamond |aboratory
has begun to address this problem by using biochemistry and tissue culture to test the
possibility of transcellular propagation of aggregated tau. These experiments began with an
analysis of the structure of tau fibrils formed by recombinant protein with or without
disease-associated mutations. Single amino acid substitutions in monomeric tau were
sufficient to drive the resultant fibrils into distinct conformations. Surprisingly, however,
fibrils derived from mutant tau drove wild-type tau monomersinto a stably self-propagating
fibrillar conformation distinct from that which would form if wild-type tau monomer was
alowed to fibrillize alone.28 This phenomenon, termed templated conformational change,
had been recognized as a defining feature of prion protein strains.2®-30 |t had also
previously been demonstrated for A, but it was now clear that templated conformational
changeis likely to be afeature of many protein misfolding diseases, including tauopathies,
and might underlie their phenotypic diversity. In other words, different aggregate
conformations might produce different disease phenotypes.

To determine whether basic cellular mechanisms mediate the propagation of aggregates
among cells, the first question was whether protein fibrils derived from recombinant tau
would be preferentially taken up by cellsin culture. The fibrils were covalently labeled with
afluorescent dye, and any extracellular protein bound to the external cell membrane was
destroyed by protease treatment. Under these conditions, tau aggregates (but not monomers)
were clearly taken up into cells. Electron microscopic imaging demonstrated that this
process occurs through the formation of massive vesicles, termed macropinosomes (Brandon
B. Holmes, BS, unpublished data, 2012).

The next question to be addressed was whether exposure of cells to exogenous tau
aggregates can influence the intracel lular aggregation of tau. Indeed, extracellular
aggregates consisting of recombinant tau are taken into cells, where they directly contact the
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intracellular protein and convert it to afibrillar form3! (Figure 3). Thus, the aggregation
state can be directly propagated from outside to inside the cell. Subsequent work
demonstrated that newly formed aggregates are released into the extracel lular space, where
they are taken up by recipient cells and can repeat the seeding phenomenon.32 These
observations were supported by the finding that an antitau antibody prevents the intercellular
propagation of aggregation by binding directly to tau aggregates and blocking cell uptake.32
This antibody can be used to purify tau fibrils from the conditioned medium of cells that
express aggregates.32

Data from the Diamond laboratory and others support a model in which protein aggregates
that form in avulnerable cell are released into the extracellular space. These aggregates are
free (not encapsulated by a membrane) and arein afibrillar form. Currently, thereis no
evidence to suggest that this processis limited to neurons. How, then, can these basic
cellular mechanisms be put in the context of emerging human and animal studies that
suggest an important role for neural networks in the progression of pathology?

These data suggest the possibility that transsynaptic movement of aggregates among neurons
is not the only means of transcellular propagation within the nervous system. Rather, abasic
cellular mechanism involves the f/ux of aggregates into and out of many different types of
cells. This could represent a protein quality control or protection mechanism. Meanwhile,
the uptake of macromolecules from the extracellular space is a well-described aspect of
cellular physiology. Only in the context of fibril-forming proteins, which have the ability to
self-propagate aggregates by seeded polymerization, would this process facilitate the spread
of pathology. According to this model, neural networks are involved mainly because
neurons themselves are the most vulnerable to the accumulation of aggregates; they are
capable of specific and long-distance aggregate movement by anterograde and/or retrograde
transport, and synapses are the sites at which neurons are in close proximity to one ancther.
This could allow aggregates to move across long anatomical distances simply by traversing
short synapses in series. Synaptic activity itself may or may not promote transcellular
propagation. Regardless, the main concept isthat extracel/ular protein aggregates play a
fundamental role in pathogenesis. The observation that tau protein generated in entorhinal
neurons can transfer to other neurons within the entorhinal cortex and can cross a synapse to
other cellsis of significant interest asit suggests that tau can be trapped in the extracellular
space before it istaken up into recipient cells, for example, through the use of antibodies
(immunotherapy). It islikely, however, that such an intervention would be most effective at
the earliest stages of the disease, when pathology islocalized and there is limited cognitive
impairment.

Conclusions

A growing body of data indicates that the propagation of pathogenic protein aggregates
across neural systems, and hence the disruption of function of those neural systems, might
be mediated by misfolded protein seeds that are released and taken up by anatomically
connected neurons. If so, blocking this process may help arrest the progression of disease. In
light of the growing spectrum of disorders involving the accumulation and spread of
misfolded proteins, efforts to detect pathogenic protein aggregates and impede their
movement between cells could change how we diagnose and treat neurodegenerative
diseases.
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Figure 1.
Age-associated development of neurofibrillary lesionsin the dentate gyrus of mice

expressing human tau selectively in the entorhinal cortex. The dentate gyrus lacks Alz50
immunoreactivity at 12 months of age (A), but by the age of 24 months, numerous granule
cells are immunopositive (B). These lesions include human tau, despite the fact that human
tau messenger RNA was not detectable within the cells (scale bar = 100pum).
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Figure 2.
Monosynaptic and trans-synaptic cortico-hippocampal and cortico-cortico connections

radiating from the entorhinal cortex in young and old neuropsin-tTA-tau transgenic mice.

Y oung mice show accumulation of M C1-immunoreactive human tau in cell bodies and
axonal tracts of the EC, the presubiculum, the parasubiculum, and projection areas (A),
whereas old mice show relocation of tau to cell bodies and the appearance of human tau in
synaptically connected areas in the hippocampus and neocortex (B) (scale bar = 500 pm).
GC indicates granule cell layer of the dentate gyrus; H, hilus; I, inner molecular layer of the
dentate gyrus; M, middle molecular layer of the dentate gyrus; O, outer molecular layer of
the dentate gyrus; SLM, stratum lacunosum moleculare; SO, stratum oriens; SP, stratum
pyramidale; and SR, stratum radiatum.
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Figure 3.

Induction of intracellular aggregation by extracellular fibrils. The C17.2 neural cells
expressing a tau-yellow fluorescent protein fusion (green) (A) were exposed to recombinant
fibrils labeled with AlexaFluor 546 (red) (B); in the merged image, note the colocalization
of externally derived fibrils with an intracellular tau—yellow fluorescent protein inclusion,
representing the induction of intracellular aggregation (C) (scale bar = 10 ym) (image
courtesy of Brandon B. Holmes, BS).

JAMA Neurol. Author manuscript; available in PMC 2013 November 21.



