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 Tau Prion-Like Propagation, State 
of the Art

In Alzheimer’s disease, tau deposition generally 
starts in the entorhinal cortex and then, following 
neuronal connections, progresses through the 
hippocampus, the limbic and association cortices 
(Fig. 23.1a) [7, 12, 13, 26, 33]. This stereotypical 
“staging scheme” was recently confirmed by tau 
PET scan studies [60, 71, 131, 132] and strongly 
correlates with cognitive decline [51]. 
Interestingly, although affecting different cir-
cuits, similar progression patterns through con-
nected neuronal circuits have been identified in 
other tauopathies including Progressive 
Supranuclear Palsy (PSP) (Fig.  23.1b) [149, 
155], Argyrophilic grain disease (Fig.  23.1c) 
[126], or more recently Pick’s disease [67].

The similarities between these pathologies as 
well as the clear neuron-to-neuron progression 
led to the hypothesis that cerebral proteinopa-
thies share similar cellular and molecular path-
ways of pathological protein propagation. Other 
types of well-characterized cerebral proteinopa-
thies that spreads through neuronal networks are 

prion-diseases. Therefore, it was postulated that 
all these pathologies could be gathered and that 
all these proteins could be considered as prion- 
like protein or prionoids (for review: Aguzzi and 
Rajendran [3], Clavaguera et al. [22], Frost and 
Diamond [45], Goedert et  al. [53], Hall and 
Patuto [56], Jucker and Walker [72], Walker et al. 
[151], and Dujardin [29]).

The designation “prion-like” is subject to an 
intense semantic debate among researchers 
because, although it is evident that these proteins 
share similar pathological principles, major differ-
ences can also be pointed out [102]. Prion diseases 
are rare neurodegenerative pathologies character-
ized by the accumulation of misfolded prion pro-
teins. In 1982, Prusiner and collaborators ventured 
the hypothesis that the protein prion itself would 
be an infectious agent, and the unique responsible 
of the pathology spreading in the body and 
between individuals [119]. This hypothesis was 
rapidly confirmed, even if the term “infectious” is 
still controversial [87], showing that abnormal 
prion proteins are able to convert normal prion 
proteins into the pathological form. The latter 
form soluble oligomers and consequently amyloid 
fibers. The mechanism of formation of the fibers 
by recruitment of monomers by an initial oligomer 
(or nucleus) is called seeding (Fig.  23.2) [72]. 
Interestingly, different strains of prion exist with 
dissimilar, and transmissible, fibril conformations 
[145]. Moreover, the pathological prions can be 
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Fig. 23.1 Staging in tauopathies. Progressive appear-
ance of tau pathology lesions in the brain of AD (a), PSP 

(b) and Argyrophilic grain disease (c). Light purple, pur-
ple and red respectively represents a small, moderate or 
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transferred from  cell-to- cell, spreading the pathol-
ogy in several brain areas.

This was the first description of a protein with 
such pathological properties but recently, the 
hypothesis that other proteins like the amyloid 
peptide (Aβ), alpha synuclein and Tau could 
share these properties has been raised. For the 
amyloid peptide and synuclein, the lesions are 
transmissible by a seeding mechanism [27, 63, 
70, 73, 89, 90, 93, 100, 101, 139, 150]. Similarly 
to prions, different strains with different func-

tional and physicochemical properties seem to 
co-exist [11, 109, 111, 161]. Lesions also appear 
to actively propagate across neural circuits for 
these two pathological proteins [43, 58, 90, 150].

These studies led the way to the hypothesis 
that tau could actively propagate trans- 
synaptically. Tau propagation (or spreading) is a 
broad term including several cellular pathways 
including active neuron-to-neuron transfer and 
the contamination of secondary cells potentially 
through a seeding mechanism (Fig. 23.3).

Fig. 23.1 (continued) severe amount tau pathology in the 
affected brain region. (a) In Alzheimer’s disease, tau 
deposition generally starts in the entorhinal cortex and 
then, following neuronal connections, progresses through 
the hippocampus, the limbic and association cortices 
(sketch inspired by Braak and Del Tredici [13]). (b) In 
PSP, tau deposition progresses from the system pallidus – 
subthalamic nucleus – substantia nigra to the pedonculo-
pontine nucleus and premotor cortex. The whole basal 

ganglia and dentate nucleus are then affected followed by 
affection of cerebellum, putamen, caudate nucleus and all 
neocortical regions at the exception of temporal areas 
(sketch inspired by Williams et al. [155] and Braak and Del 
Tredici [13]). (c) In Argyrophilic grain disease, tau deposi-
tion starts in the ambiens gyrus and CA1 region of the hip-
pocampus before affecting amygdala, transentorhinal 
cortex, subiculum and temporal lobe. In stage III, frontal 
lobe is affected (sketch inspired by Saito et al. [126])

Fig. 23.2 Tau seeding. Tau monomers are naturally 
soluble, unfolded and flexible (orange). In pathophysi-
ology context, some transient-to-stable folding can 
appear (black). In tauopathies, misfolding leads to the 
recruitment of several monomers into an unstable multi-
meric forms or oligomers. Through the addition of 

monomers in a seeding mechanism, misfolded tau pro-
teins transmit their folding properties to a large number 
of naïve monomers and recruit them into a higher order 
stable fibril. The black structures represent the core of 
the fibril as shown by Fitzpatrick and collaborators [39]. 
Not to scale

23 Tau Prion-Like Propagation: State of the Art and Current Challenges



308

Fig. 23.3 Tau prion-like propagation model. (a) In 
physiology normal tau proteins (orange) are predomi-

nantly located into the axonal part of neurons. (b) Tau 
propagation starts with an early misfolded event that 
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 Transmissibility of Tau Pathology, Tau 
Seeding?

Several studies have investigated the transmissi-
bility and seeding of Tau pathology (Fig.  23.2) 
confirming this concept in vitro [44], in cellulo 
[46] or in vivo [20]. After these three studies, 
many have confirmed and reproduced this data. 
Briefly, Clavaguera and coworkers showed that 
injecting Tau aggregates extracted from mice 
overexpressing mutated Tau to mice overexpress-
ing wild-type Tau was sufficient to induce Tau 
pathology [20]. It is interesting to note that when 
a Tau-immunodepleted extract is injected, no 
pathology can be detected showing that Tau is the 
responsible factor. The same group has also 
shown similar results injecting human brain 
lysates of several tauopathies and reproducing 
the morphology of the lesions seen in the human 
disease [19]. It is also worth noting- even if not 
reproduced so far in the literature- that they 
reported the formation of tau pathology in the 
brain of transgenic mice injected intraperitone-
ally with Tau aggregates [21]. Many following 
studies have shown injections of cerebral lysates 
or synthetic fibers in tau transgenic animals, 
potentiating the transmissibility [4, 24, 52, 65, 
66, 68, 77, 79, 110, 128, 135, 138]. Several of 
these studies show the presence of murine Tau in 
the aggregates, suggesting that aggregates are 
able to recruit endogenous Tau proteins convert-
ing them to a pathological form [20, 25, 65, 104]. 
This is also supported by the observation that tau 
pathology is transmissible to wild type (WT) ani-
mals that don’t usually get any sign of tau pathol-
ogy [20, 104], and by early observations that 
endogenous mouse tau was incorporated into the 
NFT that develop in transgenic P301L human tau 
overexpressing mice [130]. An interesting recent 
study show strong tau seeding in vivo when tau 
aggregates are injected into transgenic animals 
developing β-amyloid plaques [59]. Tau seeding 
in this study seems to be highly dependent on the 

formation of tau aggregation in neuritic processes 
around plaques. We showed that in human AD 
patients, tau seeding at the synapses seems to 
precede tau pathology [28] and that tau seeding 
was markedly increased when amyloid pathology 
is present in both mouse models and human brain 
[9]. These studies could show that amyloid 
pathology potentiates tau propagation likely at 
the synaptic terminals and actively triggers its 
progression outside of the hippocampal forma-
tion in the cortical regions where both patholo-
gies ultimately “meet” in Alzheimer’s disease.

In parallel with data on animal models, in cel-
lulo, several authors showed that after the incuba-
tion of aggregates, these were internalized and 
were able to promote aggregation of overex-
pressed Tau in cell lines [46, 55, 62, 107, 129, 
141, 147, 156] but also in primary neurons or 
human iPS cells overexpressing human tau [106, 
124, 142]. These studies showed, using truncated 
Tau species, that the microtubule-binding domain 
is necessary to promote aggregation. There is, 
however, a debate on what is the needed species 
of tau that is needed to promote tau aggregation 
or seeding. In a 2015 study, Mirbaha and cowork-
ers observed that Tau trimer is the minimal unit 
with which a seeding mechanism could be 
observed [97]. The same authors in 2018 have 
identified a monomeric tau specie could be con-
verted to a seeding competent form [96]. 
Although the minimal unit for seed-competency 
is still subject to debate, most of the studies agree 
to the idea that soluble oligomeric tau are the 
most seeding prone species [68, 79, 82, 83, 142].

 Neuron-to-Neuron Transfer of Tau

 Is Tau Transferred from One Cell 
to the Other?
Most of the models cited above analyzed the 
propagation of Tau pathology looking for cell-to- 
cell transfer of Tau pathology. In cell models, 

Fig. 23.3 (continued) spreads through a neuron and a 
large number of tau proteins accumulate into the somato-
dendritic as well as the synaptic terminals of the neurons. 
(c) Misfolded tau proteins are transferred from neuron-to-

neuron through the synapses and (d) in the recipient neu-
ron, recruit endogenous tau, transmit their misfolding 
properties in a seeding mechanism and spread the pathol-
ogy. Not to scale
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both the (presumably misfolded or posttransla-
tionally modified) WT proteins [32] and aggre-
gated truncated Tau proteins seem to transfer to 
secondary cells [15, 46, 78, 160]. Models of 
microfluidic axonal isolations strongly suggest 
that Tau is trans-synaptically transferred and that 
synapses are required for neuron-to-neuron trans-
fer [15, 32, 142, 152]. In other cell models, trans-
fer of tau-containing conditioned medium seems 
to be sufficient to transfer tau to secondary cells 
suggesting that cell-to-cell contact or the close 
synaptic environment might not be a prerequisite 
for tau uptake by cells [15, 78, 160]. We hypoth-
esize that the synaptic uptake therefore is at least 
in part due to the relative proximity of the pre and 
post synaptic elements as well as the potentially 
high local concentrations of any tau released into 
the extremely small perisynaptic space.

Cell-to-cell transfer of tau was also suggested in 
in vivo models in which Tau pathology evolves 
from the injection site to closely connected areas 
[4, 20, 65, 138]. However, it is difficult from these 
particular models to firmly conclude and determine 
the part of active propagation of aggregates versus 
diffusion area of the injection. In order to answer 
this question, in two independent studies, a trans-
genic model using the neuropsin promoter allow-
ing for the overexpression of mutated Tau 
specifically in the entorhinal cortex has been devel-
oped and used to convincingly show the propaga-
tion of tau pathology from the entorhinal cortex to 
recipient neurons in the hippocampus [25, 88].

In addition, viral vector-mediated focal 
overexpression of tau proteins either in the hip-
pocampus of rats or the entorhinal cortex of 
mice clearly and undoubtfully show that tau 
proteins can be cell-to-cell transported across 
long distances in accord with connectional neu-
roanatomical connections [30, 32, 153, 154]. 
The advantage of viral vector-mediated systems 
is that we can easily test different constructs 
and species of tau. Indeed, we could compare 
tau propagation of both mutant and wild-type 
tau as well as 3R versus 4R tau. We found that 
if the pathological conversion was faster for 
mutant tau, the long-distance propagation of 
tau pathological species was more efficient 
when 4R wild-type tau was used as compared 

to 3R and mutants [14, 30, 32]. Interestingly, 
we showed in two different models that the 
presence of endogenous tau was not required 
for tau cell-to-cell transfer. However, mouse tau 
was needed to observe pathological changes in 
secondary neurons [154] again arguing for the 
importance of endogenous tau in the pathologi-
cal recruitment of tau. Worth noting, Tau cell-
to-cell transfer was also observed in vivo in one 
model of lamprey [80, 85]. All together these 
studies demonstrate that tau can be transferred 
neuron- to- neuron (and, more generally, in some 
instances cell-to-cell) which leads to experi-
ments aimed at understanding the cellular path-
ways implicated in this process (Fig. 23.4).

 Routes of Cell-to-Cell Transfer
Different routes of cell-to-cell transfer of tau 
have been proposed. In principle, cell to cell 
transfer of an intracellular protein like Tau could 
occur either through release into the extracellular 
space, or via direct cell-to-cell contact. Regarding 
the extracellular space, it necessitates two dis-
tinct mechanisms: Tau secretion and tau uptake 
(Fig. 23.4).

 (a) Tau secretion

Tau protein is a cytosolic protein thus its secre-
tion via the conventional exocytosis implicating 
the Golgi apparatus is hardly conceivable. 
Therefore, several studies examined different 
routes of secretion and notably via extracellular 
vesicles. Two types of extracellular vesicles have 
particularly been shown to be involved in tau 
secretion: microvesicles (also called microparti-
cles or ectosomes) and exosomes. The generation 
of microvesicles is still poorly understood but 
they are large vesicles (between 100 nm to 1 μm 
diameter) directly shed from plasma membrane. 
The release of exosomes is better characterized: 
during endocytosis, invagination of the plasma 
membrane leads to the formation of the primary 
endosome. Other invaginations occur in the mem-
brane of this endosome leading to the formation 
of a multivesicular body. During this step, the 
intraluminal vesicles trap cytoplasmic material. 
When the multivesicular body fuses with the 
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plasma membrane, the intraluminal vesicles are 
released and called exosomes. Exosomes are 
largely characterized (for review: Kowal et  al. 
[81] and Rajendran et al. [120]) and were shown 
to carry prion [38], Aβ peptide [121] and synu-
clein [5, 84]. Moreover, it was shown that exo-
somes convey some lipids which potentiate 
fibrillogenesis and accelerates the formation of 
amyloid structures [162]. In the case of tauopa-
thies, the implication of extracellular vesicles 
remains somewhat dependent on techniques and 
model systems used. Indeed, we and other authors 
describe the presence of Tau in both microvesicles 
[31] and exosomes purified from cells overex-
pressing Tau and from patient-derived cerebrospi-
nal fluid [8, 31, 127, 134, 152], whereas other 
studies failed to reproduce these results in differ-

ent models [37, 75, 116, 129, 143]. These discrep-
ancies probably rely on the models used but also 
on the intracellular concentration of tau as it 
seems that tau is re-directed to exosomes when 
there is an accumulation in the cytoplasm. 
Contrariwise, tau seems to be present physiologi-
cally in larger microvesicles [31] (Fig. 23.4).

Regardless of whether tau is present in extra-
cellular vesicles, several studies showed that 
extracellular tau is mostly found free in the 
medium, not -associated with vesicles [31, 76]. 
Several studies have proposed different secretory 
pathways by which tau reaches the extracellular 
space free. Katsinelos and coworkers found that 
phosphorylated tau can potentially be translo-
cated across the plasma membrane via a type I 
unconventional protein secretion mechanism 

Fig. 23.4 Mechanisms of cell-to-cell transfer. Different 
pathways of neuron-to-neuron transfer have been pro-
posed and observed. Tau is secreted into the extracellular 
space via translocation through the plasma membrane 
(Purple), extracellular vesicles (Ectosomes – pink or exo-
somes – red originating from the fusion of multivesicular 
bodies (MVB) with the plasma membrane). Regular exo-

cytosis (brown) has also been a proposed mechanism but 
is largely questionable. Tau can also be transferred 
between cells via nanotubes (light blue). Uptake of tau 
largely happens through endocytosis (clathrin-mediated 
or clathrin-independent) and regulated by heparan sulfate 
proteoglycans (HSPGs) (orange). Tau aggregates are able 
to escape the endosome to reach the cytoplasm. (Sketch 
inspired by Dujardin [29] and Mudher et al. [102])
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(Fig.  23.4) [76]. Interestingly, chaperone- 
mediated translocation through membranes 
seems to lead to secretion as well in another type 
of unconventional secretion mechanism [41]. 
Another study by Tang and colleagues showed 
that in case of overexpression, Tau seems to relo-
calize, thanks to the mTor kinase, in autophagic 
vesicles and in the endoplasmic reticulum, which 
could suggest also the existence of a mechanism 
of exocytosis [143]. Interestingly, in cellulo, Rab 
GTPase regulates tau secretion in the extracellu-
lar space arguing for an active tau secretion 
mechanism rather than a potential passive diffu-
sion through the plasma membrane [98, 125]. 
Additionally, the presence of tau in the extracel-
lular media is stimulated by neuronal activity 
[116, 158, 159]. Interestingly, Tau proteins seem 
to be mainly dephosphorylated and truncated in 
their carboxy-terminal part when secreted [74, 
80, 99, 105, 113, 116, 136]. However, truncation 
of Tau is not retrieved in every model [18]. The 
mechanisms of secretion described above were 
mainly identified in vitro and it is likely that part 
of them represent a physiological secretion rather 
than pathological processes [18, 116]. In human 
CSF, where tau is used as a biomarker of 
Alzheimer disease, both freely soluble and exo-
some containing pools have been described [10, 
108, 127, 152].

 (b) Tau uptake

Several studies have shown that tau placed in 
the extracellular medium is internalized into the 
soma of secondary cells arguing for the exis-
tence of one or several mechanism(s) of uptake 
[15, 46, 78, 106, 142, 157, 160]. Uptake of tau 
has also been observed in vivo [17, 142]. Tau 
monomers and oligomers are also efficiently 
internalized by human iPSC-derived neurons 
[146] and by astrocytes in culture [91, 112]. 
Interestingly, Piacentini and coworkers see a 
toxic effect of this uptake of oligomeric tau 
inside the astrocytes on the synaptic activity of 
neurons. Martini-Stoica and colleagues see that 
an increased uptake in astrocyte can markedly 
reduce tau propagation [91, 112]. Several stud-
ies showed that uptake of tau happens through 

endocytosis either clathrin- independent, likely 
through macropinocytosis, or clathrin-mediated 
[16, 35, 61, 94]. The uptake of free tau aggre-
gates seems to be mediated by heparan sulfate 
[61, 122, 140] even if it is likely that other 
receptors are also implicated in these mecha-
nisms (Figs. 23.4 and 23.5).

This uptake mechanism through the endocytic 
pathway might actively participate in the patho-
logical propagation mechanism (Fig.  23.5). 
Indeed, three independent studies demonstrated 
that tau aggregates can induce a rupture of the 
endomembrane [16, 35, 40] and reach the cyto-
plasm. Calafate and coworkers report that BIN1, 
a genetic risk factor for late-onset Alzheimer’s 
disease, negatively regulates this endocytic path-
way and that a loss of function of BIN1 subse-
quently results in more uptake and more 
underlying tau seeding of aggregates [16]. When 
the endosomal membrane is ruptured autophagy 
pathways are activated through the galectin-8 and 
NDP52 receptors [35]. Stress-mediated or phar-
macological inhibition of autophagy also potenti-
ate tau aggregation arguing for a key role of 
autophagy in tau pathology propagation [35, 
133]. Michel and co-workers even suggest that 
tau aggregation from monomers can happen 
directly inside the endocytosis vesicles and 
thereby favor tau pathology spreading [94] 
(Fig.  23.5). Worth noting, exosomes containing 
tau proteins are also endocytosed and hijacking 
the endosomal pathway are transferred to several 
connected neurons [114] (Fig. 23.5).

 (c) Nanotubes

Although a secretory pathway is likely to take 
part in the propagation of Tau pathology, another 
route has been identified: nanotubes [1, 144] 
(Fig.  23.4). Nanotubes are filamentous-actin- 
containing membranous structures with a diame-
ter of 50 to 800 nm forming bridges that connect 
remote cells. They have been shown to carry 
prion proteins as well as viruses [54, 137]. 
Tardivel and co-authors showed that tau could 
spread through these tunneling nanotubes and 
that interestingly extracellular tau can induce the 
formation of these structures.
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 Existence of “Strains” of Tau 
Aggregates

The question that actual strains of tau aggregates 
exist, parallel to the clinical strains observed in 
prion diseases, has been highly investigated and 
the answers are not yet definitive. What “strain” 
means for prion diseases is, based on the same 
protein template, there exist different but stable 
conformations of misfolding that are transmissi-
ble to native non-misfolded proteins. In prion dis-
ease, these different conformers convey different 
biological properties, including their clinical 
course and aggressiveness of disease.

In support of this idea, there is substantial evi-
dence for tau that different conformers exist and 
have various behaviors in pathology. Indeed, dif-

ferent species were described with distinct behav-
iors in term of tau propagation phenotypes. 
Differences in different tau preparations ability to 
undergo cell to cell transfer and seeded misfold-
ing, differences in structure of tau aggregates in 
different diseases, and differences in the patterns 
of tau in varied neuropathological diseases like 
AD compared to Pick’s disease or PSP all point 
to the existence of something analogous to strains 
for tau. Firstly, comparing mutant and WT tau 
gives some insight. In fact, mutated tau proteins 
seem to bear different fiber morphologies and 
biochemical characteristics that influence the 
ability of seeding [6, 34, 47]. It is interesting to 
observe that the specific fibers’ conformation of 
mutant tau can be transmitted and conserved by 
WT tau [34, 47]. In vivo, the propagation and 

Fig. 23.5 Model of uptake and subsequent pathology 
spreading in the recipient neuron. Tau is released by 
cells probably from synaptic terminals mostly freely, but 
also via extracellular vesicles and taken up by secondary 
cells through a clathrin-independent mechanism of endo-
cytosis or micropinocytosis (orange). Once in the endo-
some, the endosomal membrane is ruptured, and tau gets 

into the cytoplasm (red). Once in the cytoplasm misfolded 
tau induces seeding and spread of the pathology (red). 
However, autophagic mechanisms are activated to clear tau 
out causing tau to be internalized inside autophagosomes 
(purple). Once there, the autophagosome fusion with the 
lysosome leads to degradation of its content (yellow) or 
secretion via multivesicular bodies (MVB) (light blue)
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conformations of mutant vs WT tau is also differ-
ent [30, 32]. Secondly, the different isoforms of 
tau – particularly the presence or absence of the 
exon 10 in the respectively called 4R or 3R iso-
forms  – impacts tau behavior. It is of note that 
fibers made of various Tau isoforms bear variable 
properties [2, 36, 49, 86, 107], and 3R and 4R tau 
proteins differ in behavior in in vivo propagation 
[30]. These properties could explain the different 
morphologies of lesions observed in human 
pathologies and transmissible to animal or cell 
models [19, 128] and the differences in spatio-
temporal evolution of Tau pathology between so- 
called 3R (Pick’s disease) and 4R (PSP, 
Corticobasal degeneration) tauopathies.

Comparing tau fibers from different sporadic 
tauopathies and their capacity to seed led to the 
identification of potential strains [19, 77, 128]. 
The Diamond laboratory used a stable cell 
reporter assay [48, 62] to model seeding using 
brain lysate from several human cases with vari-
ous tauopathies. They show that the shapes of 
resulting intracellular aggregates differ from case 
to case and that this could be transmitted to mice. 
Different regional pattern of progression in the 
brain are also observed consistent with the exis-
tence in sporadic tauopathies of different tau 
strains [77, 128].

Structural analysis of tau are difficult to carry 
out due to the biophysical properties of tau. 
Nevertheless, recent studies of Cryogenic 
Electron Microscopy have clearly identified the 
structure of aggregated tau, either in Alzheimer’s 
disease [39] or in Pick’s disease [36]. As the con-
tent in isoforms differs, the structures of the 
fibrils are different as well explaining the shapes 
of fibers as previously observed with electron 
microscopy. Mirbaha and colleagues also 
recently suggested that even a single monomer 
can bear a stable and transmissible conformation 
that seed aggregation [96]. This result also 
argues for the presence of specific strains but 
contradicts previous results showing that mono-
meric tau in solution has only transient folding 
[103], raising the question of what stabilizes the 
monomeric tau into a stable conformation under 
some circumstances but not others. Whether 
monomeric tau can have stable structures with a 

seeding potential in AD and other tauopathies is 
therefore really intriguing but must be currently 
viewed as uncertain.

In conclusion, tau species share with prion 
strains different behavior in tau pathology propa-
gation (fibrils structures; lesions structures; cell 
types affected; brain regional patterns etc.). 
Structural evidence shows at least three stable 
conformations (straight filaments, paired helical 
filaments, and wide filaments in Pick bodies) but 
much more structural work in underway [36]. It 
remains unknown if these stable conformational 
changes can be reliably transmitted in a human 
disease setting. Techniques used in the research 
and diagnosis for prion such as protein misfold-
ing cyclic amplification are also not available for 
use for tau proteins mostly because tau needs the 
addition of a polyanion such as heparin to aggre-
gate in vitro [92]. This is one of the challenges for 
future studies of tau propagation.

 Tau Prion-Like Propagation, 
Challenges and Future Directions

Extensive studies have been conducted in the past 
decade to understand tau propagation and the 
underlying cellular and molecular pathways, 
researchers are still facing several challenges.

 Using More Sporadic Tauopathies 
Models

Tau pathological changes such as hyperphosphor-
ylation or aggregation are fairly frequent in the 
human brain of even non-demented people. 
However, for diverse and mostly unknown rea-
sons, in cell and animal models, tau pathology is 
fairly hard to model. Therefore, most of the time, 
researchers have to use artifices such as mutating 
the tau gene (MAPT gene) and/or artificially 
cleaving tau protein in order to obtain markers of 
tau pathology. Mutations of the MAPT gene are 
rare events that only occur in rare genetic familial 
frontotemporal dementia cases and don’t occur in 
all the other sporadic tauopathies such as AD, 
PSP, Pick’s Disease etc. [42, 50]. Tau propagation 
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studies are no exception to this limitation. Some 
examples: the main cell reporter assay for the 
study of tau seeding is a truncated and mutated 
version of tau protein [62]; the main animal model 
used for the study of tau cell-to-cell transfer is a 
mutant version of tau [25, 88]; the main animal 
model used to study tau transmission and seeding 
is the PS19 mouse model that bears a P301S 
mutation [65]. Using these tau versions is indeed 
convenient but one could ask their relevance for 
sporadic tauopathies especially knowing the pre-
viously described structural differences between 
mutant and WT tau [6, 34, 47]. Some studies tried 
to use more “sporadic” models of tau propaga-
tion. For example, Clavaguera and collaborators 
were able to induce transmission/seeding of tau 
pathology into a mouse model overexpressing a 
WT form of human tau protein [20] or even into 
WT mice [20, 104]. We used WT rats and overex-
pressed WT 3R or 4R tau into their hippocampus 
using lentiviral vectors resulting in the long-dis-
tance transfer of tau proteins and also propagation 
of pathological epitopes [30, 32]. These results 
are promising but they have limitations as well 
because (1) of the very long kinetic needed to ana-
lyze them (analysis 8–24 months after pathology 
transduction), (2) you hardly get the full tau 
pathology phenotypes with only weak aggrega-
tion in neurofibrillary tangles, neurodegeneration, 
or synaptic and behavioral deficits). These limita-
tions of the models probably rely on fundamental 
kinetic differences in the rodents brain (month of 
pathological development at max) compared to 
the human brains (years of pathological evolu-
tion). Metabolism, brain clearance and neuroin-
flammation also seem to occur faster in rodents 
than in humans. In addition to that, fundamental 
molecular differences cannot be ignored as mice 
only express the 4R isoforms of tau when humans 
express both 3R and 4R. The use of more human-
ized models such as tau Knock-In rodents, human 
iPS cells and/or organoids might give us more 
insights in the future. In conclusion, it would be 
interesting to invent efficient tools to study tau 
pathological propagation in a “sporadic” environ-
ment to tackle the specific mechanisms of tau 
release uptake and instructive misfolding.

 Tau Propagation, Physiological 
Versus Pathological Mechanisms

As stated just above, one drawback of some mod-
els of tau propagation is that the pathological 
phenotypes such as tau phosphorylation, mis-
folding and/or aggregation can be limited. This 
leads us to hypothesize that at least part of the 
described mechanisms of tau propagation are 
happening physiologically. Indeed, for example, 
regarding the trans-synaptic transfer of tau, in a 
recent in vivo study we showed that this transfer 
could happen in the absence of epitopes of tau 
hyperphosphorylation and misfolding [30]. This 
result suggests that the trans-synaptic transfer of 
tau can be a physiological mechanism. This idea 
is also supported by the fact that tau propagation 
still occurs in absence of any pathological con-
version in a mouse lacking endogenous tau [154]. 
However, several questions remain: is this physi-
ological mechanism conserved in a diseased 
brain? Are the routes of cell-to-cell transfer the 
same in physiology versus pathology? Is the 
kinetic of this transfer impacted? Some elements 
of response are present in the literature. Firstly, 
the routes seem to differ: tau secretion via exo-
somes, for instance, seem to happen only when 
tau accumulate intracellularly and not physiolog-
ically [31]. Secondly, the kinetic of nanotubes 
formation is impacted by the extracellular pres-
ence of tau aggregates [144]. Finally, numerous 
studies all show that secreted tau proteins are 
mostly non-phosphorylated, monomeric, soluble 
and truncated [18, 31, 41, 75, 76, 99, 113, 115, 
116, 127, 129, 134, 143, 159]. This goes in line 
with a physiological secretion of tau and could 
explain the presence of tau in the cerebrospinal 
fluid of every individuals independently of neu-
ronal death [57]. However, on the other side, tau 
uptake seems to be more efficient for aggregated 
species than monomeric tau [97, 142]. 
Understanding this discrepancy between secre-
tion and uptake may be a key point for under-
standing the exact mechanisms of tau propagation. 
Whether this is due to different kinetic of uptake, 
route of uptake or intracellular stability after 
uptake is difficult to understand at that time.
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 Precisely Identify the Kinetics of Tau 
Life Cycle Events

Understanding tau propagation also comes by 
deciphering the kinetic of events in the brain. 
This notion is largely unknown and very depen-
dent on the models used but the current literature 
can inform us about the slow versus fast points of 
this process. Firstly, it seems that the neuron-to- 
neuron transfer of tau is a slow point both in vitro 
and in vivo where we can observe it only after 
respectively days or weeks/months [15, 25, 32, 
88]. It is interesting and counterintuitive to notice 
that both secretion and uptake are fast points as 
they can be observed in hours mostly in vitro [15, 
31, 46, 78, 106, 116, 142, 157–160]. The discrep-
ancy between transfer and secretion/uptake prob-
ably rely on (1) the sensitivity of the histology 
techniques used to see tau transfer and (2) the 
mostly non-physiologic amount of tau used to 
observe fast secretion and fast uptake. Lastly, tau 
seeding seems to be a process regulated by a sig-
moidal growth with a long lag phase, an expo-
nential growth phase and a plateau phase [62]. In 
vitro, when the right conditions are reunited (high 
intracellular content of tau, presence of tau trun-
cation/mutation favoring misfolding etc.), the 
whole seeding process can happen in less than 
24 h [28] when in vivo the lag phase takes prob-
ably weeks and also relies on the amount and 
quality of tau in the recipient brain. Indeed, 
inducing seeding and aggregates formation in a 
tau transgenic animal with a mutation (as soon as 
2 weeks post induction in animals such as PS19 
mice (see Ahmed et al. [4] and Iba et al. [65, 66]) 
is faster than for a tau transgenic animal without 
a mutation (months post-injection in animals 
such as alz17 or hTau mice (see Castillo-Carranza 
et  al. [17] and Clavaguera et  al. [20] or in WT 
animals [20])). The fast/exponential appearance 
of neurofibrillary tangle after the lag phase in 
vivo is supported by observations using 2-photon 
microscopy [25]. Thus both transfer and seeding 
have their fast and slow points. It is also evident 
that factors such as the presence of amyloid beta 
[9, 59, 69, 117, 148] or brain activity [116, 158, 
159] can also accelerate these slow points.

 Identify Good Therapeutic Strategies

Identifying tau propagation as a key mechanism 
of tauopathies and particularly AD has raised 
some hope to find a disease-modifying treatment 
tackling the progression of the disease. An obvi-
ous target is the extracellular species of tau. This 
led to intense research by academic and industry 
teams around the development of immunothera-
pies. Most of the studies find a high potential for 
reducing tau propagation in diverse models. 
Examples include the work of Holtzman’s team 
showing a reduction of tau uptake and seeding in 
vitro in addition to reduction of tau pathology in 
a transgenic mouse model of genetic 
Frontotemporal Lobar Dementia [160]. 
Antibodies against oligomeric tau (TOMA anti-
bodies) showed reduction of seeding after injec-
tion of oligomers in the brain of hTau mouse 
model [17]. We more recently showed diverse 
efficacies of different antibodies raised against 
total tau and also phosphorylated tau or truncated 
tau onto uptake and seeding of high molecular 
weight tau [105, 106]. Recent studies confirm 
these data in other models and trying to assess the 
potential of different epitopes [23, 24]. Beside 
the use of immunotherapy, tau propagation 
research could lead to additional efforts to 
develop therapies by targeting the pathway by 
which tau propagates. This includes the media-
tors of tau propagation like targeting the mecha-
nisms of secretion (chaperones, exosome 
formations), the mechanisms of tau uptake (the 
endosomal pathway), stimulating the autophagy 
pathways to favor clearance, stimulation of 
deacetylase [95] etc. To our knowledge, this 
research is still preliminary but the understanding 
of mechanisms of tau propagation might lead to 
more potential therapies in the future.

 Understand the Regional Patterns, 
the Cell Vulnerabilities

It is striking to notice the differences between the 
pattern of progression of the different tauopathies 
in the human brain. While they are all patterns of 

S. Dujardin and B. T. Hyman



317

tau aggregation, they are quite heterogenous. 
Why are some pathologies very focal (Pick’s dis-
ease or Argyrophilic Grain Disease) and some 
more global (PSP and AD)? Why tau progression 
leads to asymmetry in some diseases and global 
symmetry in others? Interestingly, the human 
data show for example that in AD the neurons 
receiving the neurofibrillary tangles are strongly 
interconnected but dentate gyrus granule cells, 
which receive the bulk of the perforant pathway 
projection from the early affected entorhinal cor-
tex, are relatively resistant [64]. On the other 
hand, Pick bodies, another type of lesion made of 
tau aggregates are predominantly present in these 
particular granule cells in the dentate gyrus that 
are resistant to the alternatively folded form of 
tau found in neurofibrillary tangles [118]. These 
differences are thought to be due to different cell 
populations vulnerabilities to tau pathology 
[123]. This also suggests unique relationships 
between specific misfolded tau species and host 
cell characteristics. It would be really important 
to understand why different brain areas and neu-
ronal subtypes are selectively vulnerable for dif-
ferent forms of inclusions? Beyond the 
observation that propagation is therefore depen-
dent on both the anatomy and the properties of 
the recipient cell, these concepts are largely 
unexplored so far.

 Conclusions

Tau propagation, this sequence of events leading 
to the progression of the disease in the brain of 
tauopathies (Fig. 23.2), has now been experimen-
tally described. We can distinguish several path-
ways leading to tau propagation: (1) the transfer 
from cell-to-cell of both pathological and non- 
pathological species of tau (Fig. 23.4) and (2) the 
transmission of tau pathology in a second neuron 
via a seeding mechanism (Fig. 23.1). The most 
plausible route of tau transfer is through the 
extracellular space and particularly via its secre-
tion (mostly freely in the medium but also 
through extracellular vesicles) and uptake into 
recipient neurons (Fig. 23.4). This uptake likely 

occurs via an endocytic mechanism. Once in the 
endosome, tau aggregates cause the endosomal 
membrane to rupture and reach the cytoplasm. It 
has been demonstrated that when they reach the 
cytoplasm, tau aggregates induce recruit endog-
enous naïve tau proteins in a seeding mechanism 
(Fig. 23.5). The similarities between these mech-
anisms and the prion protein spreading mecha-
nism has opened a discussion between researchers 
over the idea that we can reunite tau, prion and 
other proteins under the banner of prion-like pro-
teins. This semantic debate is still open but we 
clearly, here, brought arguments for the existence 
of strong convergence points but as well pointed 
out differences. Many other questions remain to 
be answered. Why would different brain areas 
and neuronal subtypes be selectively vulnerable 
for different forms of inclusions? What causes 
the initial misfolding events that are then propa-
gated across neural systems? Why distinct and 
specific neural systems would respond differ-
ently to tau “strains”? What causes toxicity of 
neural networks? What is the impact of known 
molecular differences (isoforms and posttransla-
tional modifications) onto these mechanisms? 
And, perhaps most importantly, can these insights 
help in the design and application of tau as a ther-
apeutic target to slow progressive neurodegener-
ation in AD and other tauopathies?
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