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Preface

There has been an explosion in the number of papers discussing the hypothesis of ‘pathogenic 

spread’ in neurodegenerative disease — the idea that abnormal forms of disease-associated 

proteins, such as tau or α-synuclein, physically move from neuron to neuron to induce disease 

progression. However, whether inter-neuronal spread of protein aggregates actually occurs in 

humans and, if so, whether it causes symptom onset remains uncertain. Even if pathogenic spread 

is proven in humans, it is unclear how much this would alter the specific therapeutic approaches 

that are in development. A critical appraisal of this popular hypothesis thus appears both important 

and timely.

Introduction

Progressive accumulation of aggregates of specific proteins in the brain is a defining feature 

of many common neurodegenerative diseases, including Alzheimer disease (AD), Parkinson 

disease (PD), and fronto-temporal dementia (FTD)1, 2. Certain rare infectious neurological 

diseases known as transmissible spongiform encephalopathies (TSEs) are associated with 

abnormal folding and aggregation of the prion protein (PrP)3, and the steady accumulation 

of PrP aggregates is a necessary prequel to neurodegeneration in most TSEs (Box 1). It has 

been speculated that the protein deposits present in other neurodegenerative diseases may 

form and spread from region to region in a manner analogous to that of misfolded PrP in 

TSEs4, 5. A recent comprehensive review from scientists who support this hypothesis 

concluded that “the paradigm of pathological protein propagation in neurodegenerative 

disease is now firmly established”6. However, important gaps remain in our understanding of 

whether neuron–to–neuron physical spread of protein aggregates actually occurs in humans 

with neurodegenerative diseases and, if it does, whether it is required for pathogenesis. 

Moreover, the emphasis on terms such as “prion-like” as a mechanistic explanation for 

common neurodegenerative diseases seems premature. In terms of protein aggregation, 

“prion-like templating” is very similar to the long-standing concept of the seeded 

polymerization of amyloid-prone proteins7, 8, but the molecular mechanisms of PrP 

proliferation and neurotoxicity in classical prion diseases are not fully understood, and 
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therefore referring to a pathogenic process as prion-like does not provide mechanistic 

precision.

In this Perspective, we review and discuss the strengths and weaknesses of the current 

evidence underpinning the hypothesis of pathogenic spread in neurodegenerative disease. 

Here we define the pathogenic spread hypothesis as the theory that abnormal forms of a 

protein implicated in human neurodegeneration, for example, tau or α-synuclein, move from 

neuron to neuron to induce disease progression. In doing so, we conclude that pathogenic 

spread of protein aggregates could contribute to non-PrP neurodegenerative diseases but that 

selective neuronal vulnerability is also likely to play a major part. We also list a number of 

currently unanswered scientific questions about the pathogenic spread hypothesis and 

suggest experimental approaches to rigorously test its fundamental tenets. Specifically, we 

advocate for an experimental focus on the measurement of changes in neuronal function, 

rather than merely measuring the progressive accrual of protein aggregates in the nervous 

system. We address the possibility, suggested by the pathogenic spread hypothesis, of 

iatrogenic transmission of major neurodegenerative diseases and advocate for the 

prioritization of studies on the potential for horizontal transmission of common 

neurodegenerative diseases. Finally, we consider whether proving that this hypothesis is 

correct would materially change current drug development efforts9.

Spread or selective vulnerability?

The pathogenic spread hypothesis suggests that the progressive accumulation of protein 

aggregates across neuronal populations and brain regions that is observed in common 

neurodegenerative diseases10, 11 is analogous to the accumulation of PrP3 within the brain in 

TSEs (Fig 1a), both in terms of its mechanisms and its contribution to symptom progression. 

Proponents of this hypothesis therefore characterize the spreading mechanism in diseases 

such as AD, PD or FTD as ‘prion disease’4, ‘prion-like’5, 12, 13 or ‘prionoid’14, 15. The 

principal alternative hypothesis for the progressive involvement of regional populations of 

neurons in protein misfolding diseases is the concept of selective neuronal vulnerability. 

According to this older concept, certain neurons are intrinsically more vulnerable to the 

underlying pathogenic process of a disease (such as those that cause the misfolding and 

aggregation of a certain protein) than others16, 17, perhaps based on their genetic expression 

profiles, and the former neurons thus become dysfunctional and structurally abnormal earlier 

than the latter (Fig 1b). The pathogenic spread hypothesis tends to emphasize a non-cell-

autonomous mechanism of disease, whereas the selective neuronal vulnerability hypothesis 

tends to emphasize a more cell-autonomous mechanism. However, as we will discuss, 

neither model appears to fit perfectly with the pathogenic processes in human and 

experimental disease.

Even in the case of ‘classical’ prion diseases, it is not always clear whether the spread of PrP 

across brain regions can be better explained by non-cell-autonomous or cell-autonomous 

mechanisms. This is illustrated by a single mutation in PrP, the D178N mutation, which can 

cause two distinct diseases that target different brain regions. Which disease occurs depends 

on the identity of a polymorphic codon in PrP. The D178N mutation causes fatal familial 

insomnia (FFI) when the carrier expresses PrP with a methionine at position 129, whereas a 
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familial form of Creutzfeldt-Jakob disease (fCJD) results when codon 129 is valine18. fCJD 

is primarily a cognitive disorder targeting the cortex and is characterized by severe neuronal 

loss, spongiosis and amorphous PrP aggregates19. In striking contrast, FFI causes neuronal 

loss in the thalamus, with little evidence of PrP deposits or spongiosis19. The fact that two 

different non-pathogenic PrP variants that are present in all neurons can dictate the specific 

populations of neurons that are affected by a mutant PrP molecule that is also present in all 

neurons suggests that the site of origin and initial form of misfolded PrP is mediated by 

factors present in certain neurons but not others that make the former neurons more 

vulnerable to misfolding of particular PrP structures. Thereafter, the regional progression of 

disease may be dictated in part by neuronal connectivity. However, although there is 

experimental evidence of neural spread of infection to the brain following injection of the 

scrapie agent (PrPsc) into the sciatic or optic nerves20, 21, little is known about whether 

actual trans-synaptic movement of aberrant PrP between neurons occurs in human prion 

disease (Dr. S. Brandner, personal communication). Thus in classical prion diseases, the 

apparent ‘spread’ of aberrant PrP across brain regions may be determined by both cell-

autonomous and non-cell-autonomous factors, and the same could be true of common 

neurodegenerative diseases.

Diseases proposed to involve inter-neuronal spread

Much of the interest in the pathogenic spread hypothesis has focused on three diseases: AD, 

PD and FTD. In each of these, specific proteins that are normally expressed by all neurons 

throughout life in soluble, physiological forms can accumulate as abnormally folded and 

increasingly insoluble forms and become deposited inside or outside neurons. In AD, 

abnormal forms of amyloid β-protein (Aβ) accumulate over time as soluble oligomers and 

insoluble extracellular amyloid fibrils, and the microtubule-associated protein, tau, 

accumulates in abnormal oligomers and insoluble filaments (neurofibrillary tangles) inside 

select cortical and subcortical neurons. In a substantial portion of patients with FTD, tau 

accumulates as soluble oligomers and insoluble tangles that are biochemically similar but 

not identical to those seen in AD, and some familial cases of FTD are caused by missense or 

splicing mutations in the gene encoding tau (MAPT)22. In the case of PD, most familial and 

sporadic (“idiopathic”) cases are characterized by the accumulation of insoluble deposits of 

the ubiquitous neuronal protein, α-synuclein, in select perikarya (known as Lewy bodies) 

and neurites (called Lewy neurites). Such Lewy aggregates can also occur in some or 

sometimes many cortical and subcortical neurons in AD23.

Human data and the spread hypothesis

Many papers which promote the pathogenic spread hypothesis begin by citing the elegant 

neuropathological staging of neurofibrillary tangles in AD24 and Lewy inclusions in PD10 

that was reported by Braak and colleagues. Their staging scales were developed by 

examining postmortem brains from many unrelated humans that had died at various ages and 

from various causes. The Braak staging suggested that certain sets of neurons and brain 

regions are affected by neurofibrillary tangles or Lewy bodies well before others and that 

there is an approximate temporal sequence of regional lesion accrual over decades. This has 

been widely interpreted as providing support for the idea that there is a physical spread of 

protein aggregates from one neuron to the next5, 6. However, assembling the brains of many 
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different individuals dying at different ages into a unified temporal continuum of AD is 

problematic, especially because tangles of tau protein occur in more than a dozen human 

diseases of diverse etiologies, not just in AD25. Therefore, in our Opinion, the Braak staging 

system is neither proof of nor an argument against the spreading hypothesis; it does not 

preclude the alternate concept of a temporally selective regional vulnerability of neurons to 

lesion formation.

Furthermore, the detection by Braak et al. of minor amounts of neurofibrillary change in the 

locus coeruleus of children that died at ages 6 and 14 of other causes does not imply, as 

those authors suggested26, that such individuals would necessarily have developed AD had 

they lived to a late age. Nevertheless, a recent review of pathogenic protein spreading cited 

this study to conclude that6 “a stereotypical pathology pattern was first established for AD, 

in which tau aggregates are found first in the locus coeruleus”6. We believe that the fact that 

tau aggregates do not occur solely in AD makes this simple deduction from the study of 

postmortem brains hazardous.

With regard to using the pattern of Lewy bodies to “stage” PD, some studies have reported 

significant patient heterogeneity and suggested that the Braak system does not agree with the 

pattern observed in almost half of cases27, 28. This large degree of heterogeneity in PD 

suggests that the spatiotemporal route of spreading proposed by Braak is not the only one. 

Although these variations do not preclude cell-to-cell transfer of α−synuclein, they do 

exclude the notion of a stereotyped progression from a single start site. Moreover, PD-

causing mutations can produce diverse neuropathological changes, even within a single 

family: for example, in families carrying mutations in Parkin, some affected individuals can 

lack α−synuclein deposits whereas their affected siblings can have many Lewy bodies29–31. 

Thus, the presence and inter-neuron spread of Lewy-type aggregates is not required for 

dysfunction and loss of dopaminergic neurons and ensuing motor symptoms of 

parkinsonism.

Another clinical observation that helped provide a conceptual basis for the pathogenic 

spread hypothesis was the discovery of the development over many years of scattered Lewy 

bodies in fetal neurons that were therapeutically implanted into the striata of a small number 

of advanced PD patients32, 33. Several postmortem studiesdetected Lewy bodies in ~5–10% 

of the grafted cells in patients that had survived 9 or more years32–34. Overall, grafted cells 

remain viable and apparently functional for long periods of time35, 36, and the appearance of 

Lewy bodies in a small minority of cells appears to have had little functional consequence37. 

Several factors could be responsible for the development of Lewy bodies and loss of tyrosine 

hydroxylase-positive neurons within grafts. One possibility is that occasional Lewy bodies 

arise in grafted neurons because of the surrounding PD pathogenic process (including 

astrocytosis, microgliosis and neuronal death), which facilitates the misfolding of a portion 

of the abundant endogenous α−synuclein in the grafted cells – a prospect supported by the 

finding that microglial activation within grafts is associated with the local development of 

Lewy bodies33–35. By contrast, the pathogenic spread hypothesis proposes that misfolded α
−synuclein is physically transferred from diseased host cells into grafted cells and that the 

aberrant host α−synuclein “corrupts” the normal α−synuclein of graft cells. These two 

possibilities are often thought of as mutually exclusive, but they may be synergistic. For 
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example, the patchy activation of microglia observed in transplant tissue may explain why 

LBs are not distributed in a manner confined to synaptic pathways formed by the integration 

of the graft34. Whatever the explanation for how occasional Lewy bodies arise in grafted 

tissue, it cannot be resolved by histological study of the end-stage tissue. Thus, the data from 

fetal graft studies can be viewed as potentially consistent with the pathogenic spread 

hypothesis but not proof that such a mechanism occurs in humans.

Some mouse studies suggest inter-neuron spread

Compelling evidence of the physical transfer of tau within the perforant pathway comes 

from transgenic mouse models that express intraneuronal human tau selectively in the 

entorhinal cortex and then develop human tau cytopathology in downstream neurons 

(dentate granule cells)38–40. In such studies, it has been noted that “in many [recipient] cells, 

mouse tau aggregates were morphologically more robust than the human tau nidus”41, 

suggesting a templating of endogenous mouse tau within the dentate granule neurons by 

human tau aggregates that were presumably transported trans-synaptically from the 

entorhinal cortex neurons. A technical caveat to the interpretation of these studies has been 

raised: whether the firing of the promoter of the tau transgene is entirely restricted to the 

entorhinal neurons40. Further mechanistic analyses of such cell-selective transmission 

models of intraneuronally expressed tau or αSyn represent a particularly attractive way to 

strengthen the evidence for the pathogenic spread hypothesis.

As has been shown for Aβ inoculation41, the acceleration of tau lesion formation in tau 

transgenic mice by intracerebral inoculation of brain extracts from tangle-bearing tau 

transgenic mice42 or brain extracts from human tauopathy cases43 or recombinant tau44 is 

now well established. However, tau transgenic mice often exhibit progressive motor 

phenotypes that make it difficult to assess AD- or FTD-like effects on cognition, and only 

recently have investigators begun to provide evidence connecting such accelerated tau 

deposition to dysfunction in neural circuits that mediate memory and learning44. As yet, 

there is no evidence that inoculation of primates with tau-containing AD brain extracts 

induces tangle formation45; therefore, it remains uncertain whether seeded aggregation of 

tau can occur in humans that express endogenous levels of normal tau. On the other hand, 

there are data indicating that intracerebral inoculation of wild-type rodents and primates 

with “pre-formed fibrils” (PFFs) of recombinant αSyn46 or Lewy bodies isolated from 

human brain47 can induce Lewy body formation in the recipients. Although these 

experiments used extracellular application of artificially high concentrations of “preformed 

fibrils” or highly enriched Lewy body preparations and examined only small numbers of 

injected monkeys, they are important because they showed induction of disease-relevant 

histological lesions in wild-type animals. Nonetheless, further experiments using more 

substantial numbers of primates and searching for functional consequences are now 

required.

A concept that is often under-emphasized by proponents of the pathogenic spread theory is 

the need to link the progressive development of histological lesions to actual functional 

effects48, 49. Longitudinal studies in transgenic mice suggest that the existence of 

neurofibrillary tangles per se may not necessarily disrupt neural function50, 51. Similarly, a 
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very recent mouse study suggests formation of tau tangles alone may be insufficient to 

induce toxicity52. The accumulation of protein aggregates certainly indicates that a disease-

associated alteration in the homeostasis of that protein has occurred; however, it is plausible 

that neurofibrillary tangles and Lewy bodies are temporary storage lesions that may alter 

neuronal architecture, whereas soluble aggregates (oligomers) that are in equilibrium with 

them may be the principal mediators of active neural dysfunction9, 53. Furthermore, not all 

aggregates that form from a particular protein are toxic; only some may have significant 

bioactivity. Whether we are speaking of selective neuronal vulnerability to protein 

aggregation or a cell-to-cell spread of the aggregates, it is important to link the process of 

aggregation of a causative protein and disposal of the aggregates to the cytotoxicity that 

gives patients (or animals) their symptoms.

Cell biology of pathogenic spread

The signaling pathways by which the accumulation of soluble oligomers and insoluble 

fibrils of Aβ on the neuronal surface (Box 2) leads to hyperphosphorylation and 

insolublization of intraneuronal tau are ill-defined. Likewise, why a portion of the abundant 

wild-type αSyn protein present in all neurons begins to misfold and aggregate in a small 

subset of neurons, principally on one side of the brain, early in sporadic PD is unclear. It is 

acknowledged that the pathogenic spread hypothesis does not explain the initiation of the 

first misfolding or aggregation events in previously healthy humans6. Instead, it 

hypothesizes that at least four subsequent steps occur. First, some tau or some α−synuclein 

proteins are released, by unknown mechanisms, into the extracellular space (interstitial fluid, 

ISF) after (and perhaps even before) their self-aggregation into “seeds”. Second, the seeds 

(aggregates) travel in the ISF to nearby and/or distant neurons (perhaps in part by a trans-

synaptic process). Third, the aggregates are selectively internalized by some neurons (but not 

by many other adjacent neurons) through unknown mechanisms. Fourth, they then induce 

(“template”) normal cytoplasmic tau or α−synuclein to misfold and aggregate in the 

recipient cells. This cycle would be repeated a great many times over years to produce the 

large number of neuronal and neuritic protein aggregates found in the diseased human brain.

Several fundamental tenets of cell biology as currently understood have to be overcome or at 

least modified to enable these steps to occur. Tau and α−synuclein are both largely cytosolic, 

and their disease-associated aggregates also occur overwhelmingly in the cytoplasm. Small 

amounts of tau54–60 and α−synuclein61–63 are detected in the medium of cultured neural 

cells, in cerebrospinal fluid and in plasma, and treatment of transgenic mice with antibodies 

(which should largely act extracellularly) has been shown to attenuate α−synuclein and tau 

deposition (e.g.64, 65). But the mechanism for the release of cytoplasmic α−synuclein and 

tau into the extracellular space needs to be established (Fig. 2). The proteins must then stay 

aggregated in the ISF, where they are likely to be in a more dilute solution than they were 

intracellularly, and they must potentially diffuse long distances between cells, even though 

their exposed amphipathic amino acids predict that they would adsorb in large part to the 

lipid surfaces of myriad local cells and their processes. Next, the aggregates must be 

selectively internalized by just certain neurons (Fig. 2). If this occurs by some form of 

pinocytosis or receptor-mediated endocytosis, as has been suggested6666, they would enter 

the cell in vesicles, where they could not contact the large cytosolic pools of endogenous tau 
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or α−synuclein (Fig. 2). Thus, a specialized mechanism for their transport from the vesicle 

lumen into the cytosol needs to be invoked before the fourth step proposed by the pathogenic 

spread hypothesis can occur (Fig. 2).

The pathogenic spread field has so far obtained few insights into how these salient cell 

biological issues can be addressed to validate the biological plausibility of inter-neuronal 

seeding as responsible for disease propagation in patients. Rather, studies in this field have 

applied often supra-physiological concentrations of various in vitro aggregated, sonicated 

forms of recombinant tau or α−synunclein (such as PFF) extracellularly and then analyzed 

their cytopathological consequences, focusing principally on the induction of new 

aggregates and rarely on their potential functional toxicity.

As regards pathogenic spread in TSEs, the four requirements detailed above for cytosolic 

proteins like tau and α-synuclein do not apply. PrPc is anchored extracellularly on the 

plasma membrane, where it undergoes recycling endocytosis67. In addition, PrP is secreted 

under normal circumstances68–70, so there are plausible mechanisms through which PrP 

could be released from a donor cell and taken into a recipient cell. Stating that the disease 

mechanisms of AD, PD and FTD are similar to that of Creutzfeld-Jacob disease and other 

prion disorders misses the concern that the mechanism of regional vulnerability and 

selective neurotoxicity in the latter diseases is not established17. It should be emphasized 

that even after >30 years of intensive investigation, the sites of conversion of cellular PrP 

into infectious and neurotoxic forms of PrP are unknown67, 71, 72. While there is no doubt 

that prion diseases are potentially infectious and can under special circumstances be 

transmitted between humans (Box 1), the actual neuropathology of the classical prion 

diseases (TSEs) is varied and widespread, and it is not necessarily restricted to well-defined 

anatomical pathways. Precisely how prions induce neuronal dysfunction and cell death (and 

thus rapidly progressive encephalopathies) is not settled73–75. While there is value 

comparing and contrasting prion diseases with AD and PD, likening AD and PD to disorders 

whose mechanism of clinical dysfunction remains to be delineated does not provide 

mechanistic clarity. In terms of understanding the biological mechanisms of protein release 

and uptake, referring to tau and αSyn as “prions” or “prion-like” tells us little about the 

actual cellular mechanisms involved..

Additional challenges

The complexity and heterogeneity of brain region involvement among different humans with 

AD, PD or FTD suggest that establishing a stepwise regional hierarchy of disease 

progression is not straightforward. For example, in studies of PD, a “dual-hit” corollary of 

the pathogenic spread hypothesis has been put forward56 in light of evidence that early α
−synuclein aggregates can be detected in both the parasympathetic nervous system in the 

gut76, 77 and the olfactory bulb78. Moreover, there is growing evidence that scattered 

autonomic fibers widely distributed throughout the skin may accumulate α−synuclein in 

early stages of PD79. In presymptomatic AD (for example, in Down’s syndrome subjects 

<20 years old), diffuse extracellular Aβ deposits can be very widespread in the 

telencephalon80, making it challenging to deduce a specific temporal hierarchy of affected 

brain regions. The incredible complexity of neuronal connectivity in the human nervous 
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system suggests that almost any regional pattern of lesions that one might observe could be 

said to follow some neuroanatomical pathways.

Even if specific neuroanatomical pathways are implicated in lesion formation, this does not 

necessarily indicate the physical spread of protein aggregates from neuron to neuron. 

Application of preformed aggregates of tau or α−synuclein to neurons in vitro has shown 

uptake and axonal movement of some aggregates81–86, but such experiments involve the 

extracellular application of supra-physiological concentrations of otherwise overwhelmingly 

intraneuronal proteins, in a way that may not occur in humans. It could instead be that 

accrual of protein aggregates in a neuron causes its dysfunction (and ultimately death) and 

thereby produces abnormal inter-cellular signaling to downstream neurons, which promotes 

their own abundant intracellular tau or α−synuclein molecules to misfold and aggregate 

(Fig. 1b). This would convey a kind of trans-synaptic metabolic insult without necessitating 

a physical spread of the aggregates17.

Those who favor the pathogenic spread mechanism acknowledge that it does not explain 

how protein misfolding is originally initiated in a few neurons, thereby enabling subsequent 

inter-neuron spread. In this regard, let us consider the case of inherited mutations in tau or α
−synuclein that cause aggressive early-onset forms of otherwise rather typical FTD and PD, 

respectively. In these individuals, 50% of the very abundant tau and α−synuclein molecules 

present in every neuron is mutant and thus prone to misfolding. It is not biologically 

parsimonious to stipulate that the involvement of many neurons over time in such familial 

patients requires a cell-to-cell physical delivery of misfolded aggregates rather than a 

(relatively) cell-autonomous misfolding due to the lifelong abundance of endogenous seeds 

in each neuron which could enable intracellular templating. Thus, cell-to-cell transport of 

tau or α−synuclein aggregates may not be required for the occurrence of clinical disease. 

Further, it seems unlikely that such familial cases operate by an entirely different cell 

biological mechanism than the common “idiopathic” cases; in AD, the familial and 

“sporadic” forms are largely indistinguishable as to clinicopathological patterns, save for 

their different ages of onset.

All of these arguments by no means obviate the pathogenic spread hypothesis, but they 

suggest that selective neuronal vulnerability in a partially cell-autonomous form may 

contribute importantly to the development and progression of human neurodegenerative 

disease. As often occurs in natural systems, these two mechanisms (and more) may operate 

simultaneously and synergistically to yield the complex phenotypes of these slowly evolving 

disorders.

Potential for iatrogenic infection

Proponents of the pathogenic spread hypothesis often state that there is no evidence for 

iatrogenic transmission of non-PrP neurodegenerative diseases. Thus, while emphasizing the 

similarities of PrP, tau, Aβ and α−synuclein and highlighting the evidence that exogenously 

delivered protein can induce aggregation of the host protein, they suggest that PrP and TSEs 

are special and distinct from the common neurodegenerative diseases. Human prion diseases 

initiated by actual PrP infection are believed to account for only a small percentage of 
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human TSEs and to require direct exposure of the host to prion-infected tissue or 

consumption of contaminated meat. Human TSEs are not contagious in a manner analogous 

to diseases mediated by microbes. Rather iatrogenic human CJD can occur following 

treatment with pituitary hormones derived from human cadavers, implantation of dura mater 

grafts, corneal transplantation, the use of prion-contaminated surgical instruments, and blood 

transfusions37, 87, 88. Kuru (Box 1) and variant-CJD (vCJD) are the only examples of non-

iatrogenic acquired human prion disease and are even more rare than iatrogenic CJD89, 90.

AD and PD are assumed not to be transmissible in humans because there is a lack of 

epidemiological evidence to support such a mechanism91, 92, and inoculation of non-human 

primates with material from AD and PD brains did not induce the respective diseases93–95. 

However, both these assurances are worth careful re-examination. In laboratory experiments 

and epidemiological studies, the potentially infectious nature of AD and PD has been judged 

by comparison to iatrogenic CJD. Such comparisons are complicated by the dramatically 

different temporal courses of clinical AD and PD on the one hand and clinical CJD on the 

other, and by the fact that CJD is extremely rare, whereas AD and PD are much more 

prevalent.

The two best known efforts to investigate the potentially infectious nature of AD came from 

the Laboratory for CNS Studies at the NIH93–95 and from the MRC Comparative Cognition 

Team at Cambridge University45, 96, 97. The work of both groups spanned decades and 

largely focused on TSEs but included some AD and PD cases. The NIH group used brains 

from 115 pathologically confirmed AD patients to inoculate 240 monkeys, with a mean time 

before culling of >9 years post-inoculation. Four out of 21 animals supposedly injected with 

tissue from 2 patients with familial AD died with CJD-like neuropathology, but these cases 

were later attributed to an experimental error: that is, it was likely that the inocula were 

accidentally contaminated with CJD tissue93, 98. All other AD inoculations and all 71 

monkeys injected with PD brain extracts failed to induce disease. However, it is important to 

consider the crude outcomes that were used to measure the presence of disease: obvious 

neurological syndromes or death. AD is a chronic disorder that is often restricted initially to 

impairment of memory, but the memory capabilities of the inoculated primates were never 

assessed. Moreover, only rudimentary neuropathology was undertaken, and, although 

amyloid plaques were detected in the brains of some inoculated monkeys, it was unclear if 

these were induced by inoculation or arose from natural aging (Dr. C Masters, personal 

communication).

The Cambridge group was somewhat more systematic, and they reported compelling 

evidence that inoculation of marmosets with AD brain extracts induced modest cerebral β-

amyloidosis. Aβ immunoreactive deposits were detected in 16 of 18 animals aged <10 years 

and 8 of 9 animals aged >10 years. All AD-inoculated animals (regardless of age) with 

incubation times longer than 3.5 years showed Aβ-immunoreactive deposits, whereas 3 

marmosets euthanized after 11–14 months evinced no Aβ deposits. By contrast, spontaneous 

cerebral amyloid deposition was found in 0 of 11 uninjected marmosets <10 years and 5 of 

29 >10 years45. The only confounding finding was that 3 of 3 marmosets inoculated with 

brain material from a 40 year old non-AD subject also showed Aβ immunoreactivity – a 

concern mitigated by the fact none of 5 marmosets inoculated with brain extract from a 20 
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year old subject had Aβ immunoreactivity. Neurofibrillary tangles were not detected in any 

animals. It seems, therefore, that inoculation with AD (and potentially prodromal AD) brain 

accelerated Aβ (but not tau) deposition in these primates. Beyond the fact that the animals 

did not develop overt neurological disease, any functional consequences of the induced Aβ 
deposition were not investigated (Dr. R. Ridley, personal communication). The importance 

of including functional assessments in the absence of overt clinical disease is demonstrated 

by the provocative recent finding that intrastriatal injection of PD brain-derived Lewy bodies 

into rhesus monkeys reduced nigrostriatal dopaminergic innervation (by PET scanning) just 

9 months post-inoculation. Five months later, a similar reduction of striatal TH 

immunoreactivity was observed postmortem47. This report is highly preliminary, as it 

involved only 4 injected monkeys, and it is also artificial in terms of modeling possible 

iatrogenic transmission of PD, since it used semi-purified Lewy bodies. Nonetheless, the 

study provides the first indication of the possibility of a seeded aggregation event that can 

lead to neuronal dysfunction in man’s closest evolutionary relatives. Clearly, further 

investigation employing inoculation of primates with PD or AD brain extracts should now be 

undertaken.

Testing the spread hypothesis

It will be difficult to prove definitively in humans that inter-neuronal spread of misfolded 

protein seeds is necessary for the development of clinical symptoms in AD, PD and FTD. 

Nonetheless, the effort to achieve proof must be made. Here, we prioritize four broad types 

of experiments.

As reviewed above, attempts were made years ago to transmit AD by injecting extracts of 

AD brain into certain primate species, but these experiments used limited readouts. The field 

should return to primate injections of human brain extracts, using sensitive 

immunohistochemical and biochemical assays to search for the initiation of the AD or PD 

process and then cell-to-cell and region-to-region spread in the recipients. For AD, any 

spread could be searched for longitudinally by amyloid and tau PET scanning. Furthermore, 

by combining these scans with fluordeoxyglucose (FDG) PET scanning and cognitive 

assessment, it may be possible to determine whether there is a relationship between protein 

deposition and functional change in the injected primates

Second, endogenous aggregates of Aβ, tau and α−synuclein should be purified from 

affected human postmortem cortices, bioassayed for disease-relevant spreading potency in 

culture, and the most active preparations labeled with fluorescent or radioisotope tracers. 

The labeled bioactive preps can then be microinjected into various brain regions of 

(preferably knock-in) rodents expressing the corresponding human protein (Aβ, tau, or α
−synuclein), and any movement from the site of inoculation be tracked by harvesting brains 

over increasing time intervals. Such quantitative experiments that begin with bona fide 
human brain-derived seeds could further delineate both the kinetics and the cytological 

consequences of protein spreading under more pathophysiologically relevant conditions. 

Later, rodents engineered to over-express or lack certain proteins required for endocytosis 

and vesicular trafficking could be used to dissect the cell biological mechanisms of neuronal 

release and uptake of seeds. Misfolded protein seeds might also be present in human CSF 
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(and rodent ISF), and it may be possible to isolate these seeds and use them to induce 

aggregation in animals.

Third, current efforts should be accelerated to identify PET imaging ligands specific for pre-

fibrillar aggregates99, because such ligands could potentially provide dynamic imaging 

evidence of region-to-region spread of these intermediate species in rodent models of AD or 

PD and perhaps later in patients. There are, of course, many challenging steps to achieve this 

goal, but the project to produce these ligands for clinical diagnostic purposes is already 

underway.

Fourth, in the case of PD, one should undertake even more rigorous efforts to document in 

humans the common initiation of the α−synuclein aggregation process in enteric neurons or 

in other peripheral sites prior to their appearance in various nuclei of the brain stem and then 

the basal ganglia and then the cerebral cortex. Although finding such a temporal association 

would not exclude the alternate possibility of selective neuronal vulnerability, pinning down 

a stereotyped initiation of α−synuclein aggregates in a spatial and temporal hierarchy of 

interconnected neuronal pathways could provide further support in humans for the 

pathogenic spread hypothesis.

Conclusions

Taken together, the extant data in the field at this writing suggest that some form of 

pathogenic spread of protein aggregates may contribute to non-PrP neurodegenerative 

diseases, but many details remain to be determined. We suggest that the prioritization of the 

experiments outlined above should be guided first by approaches that could have an 

immediate impact on human health, and second by studies that might enable identification of 

novel targets for development of therapeutics. Since we do not yet know whether there is a 

real potential for iatrogenic or incidental transmission of non-PrP neurodegenerative 

diseases, we suggest that exhaustive and sophisticated epidemiological studies, for example 

in corneal transplant recipients, be quickly initiated to examine this important and sensitive 

issue. The implementation of rigorous lab practices for scientists conducting experiments 

with relevant human neurodegenerative disease tissues and recombinant proteins should also 

be considered. Simultaneously, studies should focus not just on end-stage pathology of 

protein aggregates but also on brain imaging in vivo and behavioral assessments in primates. 

These approaches are essential to demonstrate human disease-relevant neural dysfunction 

and may also expedite read-outs in the primate studies, which are inherently long-term.

The terms “prion-like” or “prionoid” have been applied to many kinds of progressive protein 

templating by seeds, but this general idea has long been known as the seeded polymerization 

of proteins in various amyloidoses and preceded the specific knowledge of prions8. Thus, we 

suggest that the terms prion and prion-like should be reserved for diseases involving PrP and 

should only be applied to other proteinopathies if they are shown to require PrP per se or to 

mediate neuronal dysfunction by the same mechanism as prion diseases.

With regard to drug development for AD and PD, we previously summarized five targetable 

steps that are applicable to most human proteinopathies (Fig. 3)9. In terms of cell-to-cell 
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transmission and the involvement of discrete anatomical pathways, the inter-neuron protein 

spread hypothesis, assuming it is ultimately proven in man, does not materially change the 

targets previously suggested for Aβ-directed therapies and currently being evaluated in 

humans. An exception would be avoiding implantation of tissues from subjects with these 

diseases if future work indicates that this is a indeed a cause of the diseases in some humans. 

However, for diseases involving intracellular proteins such as α−synuclein and tau, the 

validation of pathogenic spread in humans would elevate two notable targets: preventing 

release of the misfolded protein from donor cells, and preventing the uptake of the protein 

into recipient cells. Since these are the least understood aspects of the cell biology of 

pathogenic spread, priority should be given to identifying the mechanisms by which tau and 

α−synuclein are released from and then taken into neurons (Fig. 3). Of course, from a 

therapeutic perspective, preventing cellular release and uptake is a only an actionable target 

when release and uptake occur in a regulated manner. It is much more challenging when 

these processes happen in a constitutive manner or as a result of cell death. Moreover, there 

remains an urgent need to identify the actual neurotoxic agents in both prion diseases and 

non-PrP neurodegenerative diseases. This point cannot be overstated, since agents that 

prevent physical spread may not prevent neurotoxicity, and it may not be necessary to 

prevent spread to prevent neurotoxicity50, 100.
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Box 1:

Prion disease

Current understanding of prion diseases is rooted in the study of scrapie, an infectious 

disease that can develop in healthy sheep housed with diseased animals or pastured on 

land previously occupied by diseased animals101. In the late 1930s, it was established that 

inoculation of healthy sheep with CNS material from diseased sheep caused scrapie after 

an incubation period of more than 1 year102. Subsequently, it was shown that injection of 

scrapie sheep brain into mice caused encephalopathy103. In 1959, the striking 

neuropathological similarity between scrapie and a human epidemic, Kuru, which 

afflicted an isolated Polynesian population that practiced ritualistic cannibalism, was 

noted104. Intracerebral inoculation of chimpanzees with brain suspensions from Kuru 

patients precipitated a Kuru-like syndrome105. Contemporaneously, it was noted that 

Creutzfeld-Jakob disease (CJD) had many similarities to Kuru106, and inoculation of 

monkeys with human CJD brain induced a CJD-like disorder107.

In a landmark opinion piece, Prusiner drew on ideas from Griffith108 and others to detail 

a “protein only” hypothesis of transmissible spongiform encephalopathies (TSEs), and 

introduced the term prion – a “proteinaceous infectious particle which is resistant to most 

procedures that modify nucleic acids”3. His prion hypothesis was strongly supported by 

purification of infectious activity from diseased hamster brain, which resulted in the 

enrichment of a single major (protease-resistant) protein from the diseased hamster brain 

designated PrP27–30109. Amino acid analysis revealed that PrP27–30 was derived from a 

slightly larger normal protein -- the cellular prion protein (PrP)110, 111. The identification 

of the gene encoding PrP (PRN) and the discovery that all familial prion diseases are 

linked to mutations in PRN112, 113 and that expression of PrP is necessary for disease114 

revolutionized the study of TSEs.

The central tenet of the prion hypothesis remains that infectivity is mediated by a change 

in the structure of cellular PrP leading to the formation of a conformer that can bind and 

convert other PrP molecules into aberrant multimers. In sporadic and familial prion 

diseases, aberrant PrP arises spontaneously, whereas infectious TSEs result from the 

introduction of exogenous aberrant PrP, which can corrupt endogenous normal PrP. 

Classical nucleation-dependent protein polymerization models are consistent with this 

sort of prion proliferation115–117, but it is important to note that although all TSEs are 

associated with the PrP aggregation and PrP can form amyloid fibrils, not all PrP 

aggregates are amyloid.

It is now recognized that there are multiple infectious forms of PrP, that they span a large 

mass range118, and that some are protease-sensitive119, 120. Similarly, evolving data 

suggest that the infectious agent and the toxic species may be partially distinct71, 73, 121. 

A major challenge in prion disease research is to identify the forms of the aberrant PrP 

protein that mediate neurotoxicity and determine how they do so.
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Box 2:

Propagation of extracellular Aβ aggregates

Aβ is normally present in the interstitial fluid and can aggregate outside cells. It has been 

relatively straightforward to induce progressive Aβ aggregation by extracellular injection 

in rodents122–125 and primates45, 96 predisposed to develop amyloid deposits. These 

findings demonstrate an acceleration of protein aggregation by seeds and are in line with 

the seeded fibrilization of Aβ reported in vitro more than a decade earlier8. Using 

synthetic Aβ, it was demonstrated that addition of preformed fibrils to a monomeric 

solution accelerated aggregation of the monomer. This seeding effect was interpreted to 

mean that amyloid formation is a nucleation-dependent process: that is, formation of a 

kinetically stable nucleus is rate limiting, but once a stable nucleus is formed, further 

polymerization and fibril growth become exponential126. More recently, the mechanistic 

understanding of amyloid formation has been expanded to incorporate secondary 

nucleation, a process by which fibril surfaces catalyze the rapid conversion of monomers 

into aggregation-competent nuclei117, 127. Thus, for Aβ, the occurrence of progressive, 

seeded extracellular polymerization is well-supported and poses no unusual cell 

biological requirements.

As far as we are aware, the in vivo Aβ seeding studies reported to date have focused on 

the formation of amyloid deposits without determining whether the accelerated formation 

of deposits has AD-relevant functional consequences. In our opinion, this is a serious 

flaw, given that amyloid plaque number per se correlates poorly with memory 

impairment in humans128 and that plaques isolated from AD brain have low synaptotoxic 

activity compared to the diffusible oligomers with which they are in equilibrium129. In 

contrast to the in vivo Aβ seeding studies, analogous experiments in prion diseases use 

changes in neurological function and time to death as outcomes. It should also be noted 

that there are disorders in which fibrous amyloid deposits formed by other proteins 

appear to be relatively inert130, 131. Insoluble amyloid plaques in AD are space-

occupying lesions that can probably disrupt local neuronal connections132 and induce an 

unhelpful inflammatory response, but they appear not to be the principal toxic form that 

triggers neuronal dysfunction. Indeed, plaques may often possess a halo of synaptotoxic 

oligomers133 or may be relatively inert. Given that different Aβ-rich inocula can induce 

different types of aggregated Aβ deposits125, it becomes important to determine if any of 

the latter also mediate neuronal dysfunction.

To make the elegant and detailed in vivo injection studies of Aβ 
preparations122–125, 134, 135 truly relevant to AD in humans, one needs to demonstrate 

functional consequences of the accelerated extracellular aggregation. Similarly, a recent 

observational study reported that individuals who had been treated with human cadaver-

derived growth hormone and subsequently developed iCJD also had detectable levels of 

vascular and parenchymal β-amyloid136, 137. Importantly, their brains did not contain 

neurofibrillary tangles, indicating that these individuals did not have AD, and even if they 

had lived longer, it is uncertain that they would have developed AD. In terms of clinical 

relevance, the observed vascular Aβ deposits (congophilic amyloid angiopathy, CAA) 

may be of more concern than the parenchymal Aβ deposits, because the physical build up 
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of CAA can sometimes lead to micro-hemorrhages and ultimately stroke, whereas it is 

less clear that Aβ deposits in the parenchyma alone have significant functional 

consequences.
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Figure 1. The pathogenic spread and selective vulnerability hypotheses
There are at least two possible explanations for how the localization of aggregates in the 

brain might change as neurodegenerative diseases progress. a| According to the pathogenic 

spread hypothesis aggregates generated in one brain region physically move from neuron to 

neuron and thus spread into connected brain regions. b| The selective vulnerability 

hypothesis suggests that, in response to certain adverse conditions (such as external stress), 

protein aggregation is initiated in a subset of neurons that are particularly vulnerable to the 

adverse stimuli. Protein aggregates first appear in the cells most susceptible to the adverse 

conditions, and with time emerge in less susceptible cells. This hypothesis also supports the 

idea that disease pathogenesis may spread trans-synaptically: however, it suggests that this is 

mediated by the spread of diffusible metabolic factors that result in the transduction of the 

effects of the adverse conditions to a neighbouring neuron, rather than a direct physical 

transfer of protein aggregates. It is important to note that these 2 possibilities are not 

mutually exclusive and that a combination of both hypotheses may occur.
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Figure 2. Possible mechanisms for inter-neuronal transfer of proteins
In the figure, two neurons are synaptically connected, with illustrative synapses shown in 

magnified views. A third neuron (lower center) is near to the other neurons but not 

synaptically connected. Neither α−synuclein nor tau contain the signal sequences necessary 

for conventional secretion, so their release must occur by a non-classical mechanism. Over 

the past decade, two non-classical mechanisms for inter-cellular communication have 

emerged: the secretion of small vesicles called exosomes138 (1), and the formation of thin 

membranous bridges termed tunneling nanotubes (TNTs)139 (2). Exosomes could potentially 

travel across synapses or longer distances and facilitate transfer of proteins to other cell 

types. Similarly, TNTs facilitate communication between neural and non-neural cells, often 

over long distances. Interestingly, both exosomes and TNTs have been implicated in the 

movement of infectious PrP in experimental models140. If cell-to-cell transfer of non-PrP 

neurodegenerative disease-related proteins occurs via exosomes or TNTs, then the proteins 

inside these structures are unlikely to be fully accessible to antibodies used in 

immunotherapy (see Figure. 3). A third possible mechanism (3) involves the release and 

uptake of the naked protein. α−synuclein is present in pre-synaptic endings76, 141, and tau is 

present in post-synaptic elements142, 143. During neurotransmission, it is possible that small 

amounts of either protein could leak between the pre- and post-synapse. The more abundant 

a neuronal protein is, the more likely this is to occur (both α−synuclein and tau are highly 

abundant)59, 141. Finally, an obvious but little discussed possibility (4) is that proteins are 

released as a secondary effect of synaptic or cellular compromise144. Little is known about 

the cell biological mechanisms by which pathogenic proteins that are released are taken up 
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by neurons and how they encounter the cognate endogenous protein that they are proposed 

to template.
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Figure 3. Strategies for targeting disease-associated neural protein aggregates
a| The steady state levels of all proteins are controlled by their rates of production and 

degradation. Above a certain critical concentration, monomers can self-associate to form 

abnormal dimers, trimers, larger oligomers and insoluble aggregates. Consequently, reducing 

the levels of monomers by inhibiting their production (1) or stimulating their degradation (2) 

should decrease formation of pathogenic oligomers and larger aggregates. Agents that bind 

to and stabilize the native protein (3) should prevent abnormal oligomerization and allow for 

the natural removal of the protein by the brain’s degradative machinery. In this regard, an 

agent which stabilizes the native structure of the transthyretin (TTR) tetramer, tafamidis, has 

been approved for treating TTR amyloidosis145, and an analogous approach may be feasible 

for the native α-synuclein tetramer146. Conversely, agents capable of disrupting abnormal 

oligomers (4) should reduce their concentration and may prevent formation of larger 

aggregates such as fibrils. Antibodies or small molecules capable of binding to various 
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abnormal assemblies (5) could neutralize the activity of oligomers and/or facilitate the 

clearance of deposited aggregates. In the case of binding by antibodies, this may include 

uptake of the complexes by microglia and/or their transport out of the brain. Peripherally 

administered antibodies should also be effective in the case of potential “pathogenic spread” 

from the blood or lymphatic system to the CNS. For simplicity, we refer to the native 

assembly state of neurodegeneration-associated proteins as monomer; however, there is 

growing evidence that αSyn normally exists as a tetramer, in which case the first step in the 

pathogenic aggregation process would be tetramer disassembly to excess free monomers 

inside neurons147. All 5 therapeutic approaches summarized here could be applicable to both 

extracellular and intracellular pathogenic proteins. B| If intracellular aggregation requires 

direct movement of aggregates from one neuron to another, then two additional approaches 

would be to inhibit the release of protein seeds (6) and to inhibit their re-uptake (7). If these 

processes occur via exosomes or tunneling nanotubes (Fig. 1), they may not be accessible to 

extracellular agents such as antibodies, and therefore would require new therapeutic 

strategies.

Walsh and Selkoe Page 26

Nat Rev Neurosci. Author manuscript; available in PMC 2019 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Preface
	Introduction
	Spread or selective vulnerability?
	Diseases proposed to involve inter-neuronal spread
	Human data and the spread hypothesis
	Some mouse studies suggest inter-neuron spread

	Cell biology of pathogenic spread
	Additional challenges
	Potential for iatrogenic infection
	Testing the spread hypothesis
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3

