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Abstract: The microtubule-associated protein Tau plays 
a crucial role in stabilizing neuronal microtubules. In 
Tauopathies, Tau loses its ability to bind microtubules, 
detach from them and forms intracellular aggregates. 
Increasing evidence in recent years supports the notion that 
Tau pathology spreading throughout the brain in AD and 
other Tauopathies is the consequence of the propagation 
of specific Tau species along neuroanatomically 
connected brain regions in a so-called “prion-like” 
manner. A number of steps are assumed to be involved in 
this process, including secretion, cellular uptake, trans-
cellular transfer and/or seeding, although the precise 
mechanisms underlying propagation of Tau pathology 
are not fully understood yet. This review summarizes 
recent evidence on the nature of the specific Tau species 
that are propagated and the different mechanisms of Tau 
pathology spreading.
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List of abbreviators
AD, Alzheimer’s disease; CSF, cerebral spinal fluid; 
FTDP-17, Frontotemporal Dementia with Parkinsonism 

dominantly inherited and linked to chromosome 17; 
MBD, microtubule binding domain; CNS, central nervous 
system; NFTs, neurofibrillary tangles.

Introduction
Tauopathies, including Alzheimer’s disease (AD) 
and Frontotemporal Dementias, are a group of 
neurodegenerative disorders characterized by the presence 
of hyperphosphorylated Tau protein filaments in the 
affected regions of patient’s brains. Tau is a microtubule-
associated protein that binds to these structures and 
stabilizes them; however, under pathological conditions 
it is detached from microtubules and accumulates in the 
cytosol. This situation leads to the formation of aggregates 
or inclusions of the Tau protein that could be involved in 
the degeneration and neuronal death associated with these 
diseases (1). Neuron degeneration in specific diseases 
could be specifically located at different sites during the 
progression of the disease (2). Therefore, affected areas 
distant from the origin of the disease can be observed 
in late stages (3). There is increasing evidence strongly 
suggesting the involvement of extracellular Tau species 
as the main agent in the propagation of neurofibrillary 
lesions and spreading of Tau toxicity throughout different 
brain regions in these disorders. Understanding the 
precise molecular mechanism underlying Tau propagation 
is crucial for the development of therapeutics for this 
devastating disorder. This review summarizes current 
knowledge of recent research on the role of extracellular 
Tau in the spreading of Tau pathology.

Tau Protein
Tau protein belongs to the family of microtubule-associated 
proteins (MAP) and was first identified in the mid-1970s as 
an assembly factor for microtubules by Weingarten and 
colleagues (4).
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The human Tau gene (MAPT) is located on chromosome 
17q21 and consists of 16 exons (5). Alternative splicing 
of exons 2 and 3 results in the production of isoforms 
containing none (0N), one (1N) or two (2N) N-terminal 
insertions that mediate the interaction of microtubules 
with the plasma membrane. Likewise, alternative splicing 
of exon 10 gives rise to isoforms with three (3R) or four 
(4R) tubulin binding domains or repeats (6). Tau is mainly 
expressed in the central nervous system (CNS) and a longer 
isoform produced by the splicing of exon 6 is primarily 
expressed in neurons from the peripheral nervous system. 
Tau is present in different locations within the neuron: 
axonal and somatodendritic compartments where the 
level of Tau phosphorylation plays an important role for 
its cellular distribution (7-9), although Tau has also been 
described in dendritic spines (10).

Four functional domains can be distinguished within 
Tau protein: a N-terminal projection region, a proline-
rich domain, a microtubule binding domain (MBD), 
and a C-terminal region (11). Tau plays a crucial role in 
regulating microtubule dynamics in cells. In the nervous 
system, Tau promotes the assembly and stabilization of 
microtubules required for morphogenesis and axonal 
transport, and it is also expressed in glial cells (12). The 
role of Tau in the stabilization of the microtubules resides 
in a large part on the MBD. The 4R isoforms have a higher 
affinity for microtubules due to the extra repeat, so they 
bind and stabilize microtubules more efficiently than the 
3R ones (1, 11, 13). 

Tau is a highly soluble hydrophilic protein. 
However, under pathological conditions it detaches 
from the microtubules and accumulates in the cytosol. 
This situation leads to the formation of intracellular 
aggregates or inclusions of the Tau protein, such as the 
neurofibrillary tangles (NFTs) found in AD brains (14-18). 
It is generally thought that Tau inclusions contribute 
to the pathogenesis of these diseases as they occur in 
specific regions of the brain whose functions are altered 
(1). Hyperphosphorylation of Tau can cause its separation 
from other proteins that it binds to, and increases its 
tendency to form cytosolic toxic aggregates, as it has 
been found in cases of Tauopathies (1, 19). Additionally, 
in 1998 different groups identified mutations in the Tau 
gene (MAPT) associated to frontotemporal dementia, 
indicating that Tau dysfunction per se is sufficient to cause 
neurodegeneration and dementia (20, 21).

Although filamentous inclusions of Tau are a 
pathological feature of Tauopathies, recent studies suggest 
that the filamentous Tau is not the main responsible 
for the neuronal dysfunctions. It appears though that 
the toxicity is caused by the formation of Tau oligomers 

(22). In addition, it is considered that soluble Tau and 
non-inclusions are responsible for the activation of pro-
apoptotic pathways (1). Therefore, it is thought that Tau 
inclusions are not the main toxic species and that neuronal 
toxicity would be caused by a smaller soluble aggregates 
or by a specific conformation of the Tau protein (1).

Since Tau inclusions are characteristic of Tauopathies, 
Tau processing has been extensively examined in both in 
vitro and in vivo models. The investigations have focused 
either on posttranslational modification of Tau (23) or on 
mechanisms of Tau degradation (24). 

Tau Posttranslational modifications

Tau protein is subject to a wide range of posttranslational 
modifications, including phosphorylation, isomerization 
(25, 26), glycation (27, 28), nitration, O-GlcNAc 
modification, acetylation (29), oxidation (30), crosslinking 
(31), truncation (32), polyamination, deamination (33), 
SUMOylation (34), Lysine methylation and ubiquitination 
(35) (reviewed in (1, 36).

One of the most studied modifications and for 
which more data is available in the literature has been 
phosphorylation due to its possible involvement in the 
induction of Tauopathies (37). Tau contains up to 85  
putative phosphorylation sites, including 45 serine, 
35 threonine, and 5 tyrosine residues (38). Tau can be 
phosphorylated by microtubule affinity-regulating 
kinases (MARKs; also known as PAR1 kinases), cyclic 
AMP-dependent protein kinase (PKA) and Ca2+- or 
calmodulin-dependent protein kinase II (CaMKII), 
tyrosine kinases such as the src family members, among 
others (8). Phosphorylation can regulate the binding 
of Tau to microtubules and membranes (39), modulate 
axonal transport (40), and modify actin cytoskeleton 
(41). However, hyperphosphorylation of Tau may induce 
pathology through different mechanisms.

On the other hand, protein phosphatase 1 (PP1), 
PP2A, PP2B, PP2C and PP5 have all been implicated in 
the dephosphorylation of Tau (8). Among them, PP2A is 
the main phosphatase (42) acting on a greater number of 
phosphorylation sites (42, 43).

Tau Degradation

Several studies have demonstrated that two major 
proteolytic systems contribute to Tau degradation 
inside cells, the ubiquitin–proteasome system and the 
autophagy–lysosomal system (24, 44, 45). The contribution 
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of each of these pathways to Tau turnover and which forms 
of Tau are degraded by each pathway is not entirely clear. 
Whereas full-length Tau is cleared by the proteasome 
system (46, 47), the mutated and truncated forms of Tau 
protein appear to be degraded by the autophagy-lysosomal 
pathway (48, 49).

Caspase-3, calpain and cathepsin L are able to cleave 
Tau protein at several sites and the resulting fragments 
increase Tau aggregation (1, 49, 50). In some mouse models 
expressing mutated human Tau (P301L 4R0N), activation 
of caspases precedes the formation of filaments, so that 
this truncated Tau may be important for the formation of 
aggregates in NFTs in vivo.

Recently, numerous studies have shown the 
existence of a secretory process for unfolded proteins 
(51, 52). These findings suggest a resemblance of these 
molecular mechanisms of neuroanatomical spreading in 
some neurodegenerative diseases, such as Parkinson’s, 
Huntington’s, Alzheimer’s, and whith those of the prion-
like transmission. In this process, two consecutive steps 
are required for trans-cellular spreading of protein 
aggregates (3):
1. Secretion: protein aggregates must be released to the 

extracellular medium. This may occur either through 
a passive release of apoptotic cells or may require 
active mechanisms involving conventional or non-
conventional secretory pathways.

2. Uptake: extracellular protein aggregates have to get 
inside of neighboring cells. This can happen through 
several processes: direct penetration through the 
plasma membrane, fluid phase endocytosis or recep-
tor-mediated endocytosis. 

At the beginning of each Tauopathy, Tau pathology is 
found in determined area of the brain and progresses 
to other areas throughout the time (2). Consequently, 
affected areas distant from the origin can be observed in 
late stages of the disease (3). The classic explanation for 
this condition has been based on the concept of selective 
vulnerability (53). According to this idea, the different 
areas of the brain would have different resistance to the 
disease, so that only a few of them would be affected. This 
implies the assumption of a model of disease in which 
the affectation or non-affectation of a neural cell depends 
only on its own characteristics.

In recent years, a growing body of literature has 
supported the idea of cell-to-cell transmission of Tau 
aggregates (fibrillary or oligomers). This extracellular Tau 
could enter cells through several mechanisms and seed the 
recruitment of soluble Tau into growing new aggregates.

In summary, Tau is a microtubule-associated protein. 
It is an intrinsically disordered protein and that feature 
facilitates its binding to several molecules or to be 
subjected to different post-translational modifications 
along its unstructured molecule.

Tau Secretion  
The presence of phosphorylated Tau and intracellular 
NFTs in the cerebral spinal fluid (CSF) of AD patients it 
was long believed to be a consequence of the death of the 
affected neurons (54). However, Tau has been detected at 
the pre- and post-synapse in control human brains (55) 
as well at the post-synapse in mouse brains (56). This 
suggests that propagation of Tau pathology is an active 
process and Tau release from healthy neurons could be a 
physiological process that might be disrupted in diseased 
brain. 

Some groups have reported Tau in the extracellular 
space under physiological conditions (57-59) and 
endogenous Tau to be actively secreted from human (60) 
and rat neurons (61). These observations fit well with 
the detection of Tau tangles in the entorhinal cortex 
in early stages of AD and spreading of tangles into the 
hippocampus and cortex as the diseases progresses (62). 
Recent studies with in vivo models in which human Tau 
was specifically overexpressed in the entorhinal cortex 
have shown that secretion and spreading of Tau followed 
along synaptic circuitry and Tau pathology progression 
from the entorhinal cortex, through the hippocampus, 
and into the cortex (47, 63, 64). In addition, comparative 
analysis of CSF from AD and healthy subjects showed 
a clear increase of amino-terminal (N-terminal) Tau 
fragments in AD, with no evidence of full-length or 
carboxyl-terminal (C-terminal) Tau (65). However, other 
groups have founded full length Tau in the interstitial 
fluid of P301L mice (59) or C-terminally truncated forms of 
Tau are released from neurons (66).

Mechanisms of Tau secretion

In the last few years, some hypotheses of Tau release have 
been proposed. The first one suggested that monomeric 
and aggregated Tau may be released upon axonal 
degeneration and neuronal death, being detectable in CSF 
(54). However, studies in animal and cell cultures suggest 
that Tau aggregates can propagate from neuron to neuron 
in the absence of cell death (63, 67, 68). The nucleation of 



4    M. Pérez et al.: Secretion of full-length Tau or Tau fragments in cell culture models. Propagation of Tau... 

Tau aggregates could be facilitated by post translational 
modifications like truncation (32). In this way, caspase 
cleavage of Tau has been also suggested as a possible link 
between amyloid and Tau aggregates (32). These studies 
were performed in Tau overexpression models (58, 60, 69, 
70), non-transfected cells (60, 71, 72), or analyzed Tau in 
the culture medium of immature primary cortical rodent 
neurons (61, 72). According to these studies, some authors 
described unconventional mechanisms of non-vesicular 
Tau secretion in a constitutive way, possibly by direct 
translocation through the plasma membrane since this 
transport is only inhibited by cold and not by inhibitors 
of the Golgi-RE pathway (60). On the other hand, other 
authors have proposed that the overexpression of Tau 
protein produces its secretion through exosomes (58, 73, 
74) or ectosomes (64). Further studies will be required to 
determine whether aggregates of Tau are only released 
passively or if there are specific active release processes. 

The mechanisms regulating Tau secretion remain 
unknown. Pooler et al. (61) described that neuronal 
activity could regulate physiological secretion of 
endogenous Tau by cortical neurons. This process was 
calcium-dependent and modulated by phosphorylation. 
More recently, Mohamed et al. (75) have demonstrated 
that Golgi dynamics were linked to a modulation of Tau 
secretion by both primary cortical neurons and HeLa cells. 
On the other hand, some authors implicate mitochondrial 
damage on Tau secretion (22).

Among others, Asai et al. suggested that microglial 
cells may promote Tau propagation through exosome-
dependent mechanisms (76) whereas Fontaine et al. 
concluded that Tau was released from cells through an 
exosome-independent pathway that required heat shock 
cognate 70, its co-chaperone DnaJ, and synaptosomal-
associated protein 23 (77). Despite of results obtained by 
different groups described above, further investigations 
are required to elucidate the mechanism or mechanisms 
involved in Tau secretion.

Species of Tau that are secreted

There are many controversies around which specific Tau 
species are released to the extracellular space. Some 
studies have shown that Tau propagation could involve 
species ranging from small soluble monomers to large 
insoluble fibrils in vivo or in vitro (78-80). Experiments 
in cell cultures suggest that the protein has to be in some 
specific state of oligomerization or fibrillation to be 
endocytosed and transported by the neuron. Kfoury et 
al. showed that intracellular Tau fibrils could be directly 

released into extracellular space in culture cells and then 
be taken up by the co-cultured cells in the medium via 
cell-cell transfer in exosomes or tunneling nanotubes 
(78). In addition, different groups have injected synthetic 
Tau fibrils into the brain of transgenic mice, and observed 
the propagation of Tau pathology to regions distant from 
the injection areas (81, 82). Clavaguera et al. (67) showed 
that abnormally phosphorylated, filamentous Tau derived 
from the brains of human P301S Tau transgenic mice 
was sufficient to induce the formation of silver-positive 
Tau inclusions in ALZ17 mice that overexpress wild-
type human Tau, but do not develop Tau inclusions. In 
addition, Ahmed et al., using the same transgenic mice 
than Clavaguera et al., infused unilaterally with brain 
extract containing Tau aggregates. They observed Tau 
inclusions as early as 2 weeks post-infusion and showed 
contralateral hippocampal spread after 1 month (83). More 
recently, Guo et al. found that intracerebral inoculation 
of Tau fibrils purified from AD brains resulted in the 
formation of abundant Tau inclusions in anatomically 
connected brain regions in non-transgenic mice (84). 
Additionally, they suggested that spread was dependent 
on synaptic connectivity rather than spatial proximity. All 
of these findings suggest the possibility that Tau fibrils 
could act as a seed to propagate pathology between 
neurons in vivo.

On the other hand, other groups have identified non-
fibrillary small particles as necessary for propagation (79, 
85). Lasagna-Reeves et al. confirmed Tau propagation 
after injecting populations of Tau oligomers directly from 
the cerebral cortex of AD brain into the hippocampus 
of wild type mice (79). Recently, Usenovic et al. have 
demonstrated that wild-type full-length human Tau 
oligomers are able to induce Tau aggregation in human 
neurons with no Tau mutations or overexpression (85). 
Their observation reflects that the Tau fibrils could not be 
transported from one neuron to another. Surprisingly, Wu 
et al. observed that Tau monomers could not be taken up 
by neurons (86).

Role of phosphorylation on Tau release

In Tauopathies, Tau presents different posttranslational 
modifications being the hyperphosphorylation one of 
the most important ones (87). Hence, several groups 
have focused on studying the role of phosphorylation 
on Tau secretion. The amount of phosphorylated Tau 
in the CSF has been measured (54) and an increase 
in phosphorylation at T181 (88) or T231 (89) has been 
described in AD patients. However, some studies have 
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also reported that phosphorylation decreases with the 
progression of AD (90). The phosphorylation in CSF at 
other sites such as S199, S202, T205 S396 and S404 remains 
controversial (91). Plouffe et al. (70) demonstrated that 
hyperphosphorylation and cleavage of Tau increase its 
secretion in vitro in Hela cells. On the other hand, several 
observations suggest that Tau in the extracellular space 
would be desphosphorylated in AD brain by tissue non-
specific alkaline phosphatases (92).

Tau secretion can occur via different mechanisms 
depending on the Tau variant to be released. Saman et 
al. (73) showed an exosome-mediated secretion of human 
Tau phosphorylated at Thr-181. It is still unclear whether 
phosphorylation regulates Tau secretion since both 
phosphorylated and unphosphorylated Tau species have 
been detected in the extracellular space.  Plouffe et al. 
reported that a Tau mutant mimicking phosphorylation 
was more efficiently secreted than one mimicking 
dephosphorylation in Hela cells (70). Tau secreted by 
exosomes was shown to be phosphorylated at several sites 
found in AD (54, 73). Although some studies in primary 
cortical neurons showed release of unphosphorylated 
Tau in control conditions (61), other groups have 
however reported that several Tau species were secreted 
phosphorylated and unphosphorylated by cortical 
neurons upon various insults (70). Further investigations 
are necessary to elucidate the role of Tau phosphorylation 
in its secretion.

Role of truncation on Tau release

Abnormal Tau cleavage is found in the neurofibrillary 
degeneration characteristic of AD and related 
Tauopathies. Kim et al. (69) found that Tau protein 
fragments containing the Tau N-terminal domain could 
be secreted to the extracellular space in an in situ lamprey 
model via two distinct mechanisms. Moreover, this 
secreted Tau is largely dephosphorylated, which would 
be in agreement with the phosphatase activity described 
by Diaz-Hernandez and co-workers (92). However, 
Kanmert et al. (66) using four distinct neuronal cultures 
observed that C-terminal-truncated forms of Tau were 
released by mechanisms that are both dependent and 
independent of cell death. Secreted Tau cleaved at the 
C-terminal has been reported either in cell culture (69) as 
well as in transgenic mouse models expressing human 
Tau (59, 93). Plouffe et al. suggested that cleavage at D421 
as well as phosphorylation increased the rate of Tau 
secretion (70). In addition, Solokow et al. demonstrated 
depolarization-induced release of a 20 kDa Tau fragment 

from AD synapses (94). More recently, Pérez et al. showed 
that Tau fragments lacking the proline-region are either 
not secreted or secreted in a distinct manner to the full-
length molecule (95).

In summary, it seems that both full-length and 
truncated Tau can be released by different mechanisms.

Role of mutations on Tau release

In 1994, Wilhelmsen et al. defined a form of Frontotemporal 
Dementia with Parkinsonism dominantly inherited and 
linked to chromosome 17 (FTDP-17). The chromosomal 
region 17q21-22 comprises the Tau gene, demonstrating for 
the first time that a mutation in the MAPT gene could lead 
to neurodegeneration (13, 20).

Most of the mutations in the MAPT coding regions 
are found in exons 1, 9, 10, 11, 12, and 13 whereas intronic 
mutations are located near the alternative splicing site 
of intron 10, increasing the expression of the 4R isoform 
with respect to that of 3R. MAPT mutations reduce the 
ability of Tau to interact with microtubules. This partial 
loss of Tau function may be responsible for the anomalous 
aggregation of the protein. Some mutations also promote 
the assembly of Tau into filaments (11, 13).

As in patients with Alzheimer’s disease, CSF from 
symptomatic FTDP-17 patient shows elevated Tau levels 
but it is significantly lower than in AD patients (54, 
96). Studies in cell cultures demonstrated that Tau was 
released via the unconventional secretory pathway and 
Tau mutations influenced the rate of Tau secretion, being 
4R Tau isoforms less abundant that 3R Tau isoforms (72). 
These results suggest a role of Tau mutations in influencing 
the retention of certain Tau isoforms within the cell.

In summary, an increase in intracellular Tau could 
facilitate Tau secretion. That secretion could be regulated by 
posttranslational modifications: phosphorylation, truncation 
or by the presence of aggregated intracellular Tau.

Cellular Uptake of Tau
With regards to the uptake processes, poorly folded or 
fibrillary Tau after being released can be internalized by 
the surrounding cells where it could induce polymerization 
of the native protein (68). Once inside the cell, Tau can be 
located along the endocytic pathway in both late and early 
endosomes. It has also been described the association of 
these Tau species to lysosomal vesicles in a retrograde 
pathway in axons, which would reinforce the idea of trans-
synaptic transmission of Tau (68, 86).
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Tau can be released into the extracellular space either 
in a free form (60, 97) or associated to vesicles (58, 73, 74). 
Many groups have studied how extracellular Tau can be 
taken up by surrounding neurons (reviewed in (98, 99)), 
although the precise mechanism by which aggregated 
extracellular Tau binds to and enters cells are still 
unknown. Tau could be taken up via receptor-mediated 
endocytosis (79, 86, 100), dynamin-driven endocytosis of 
non-fibrillary, soluble Tau aggregates (86), or even actin-
dependent, proteoglycan-mediated macropynocytosis 
(101). Furthermore, it has been observed that extracellular 
Tau might bring about a receptor-activated increase in 
intracellular calcium through M1/M3 muscarinic receptor 
stimulation (57, 92) and that such receptor activation could 
lead to endocytosis of extracellular Tau. On the other 
hand, some groups have suggested tunneling nanotubes 
as a possible mechanism of Tau spreading (102). Also, 
Takahashi et al. have implied that the extracellular 
domain of APP might be involved in the incorporation of 
Tau fibrils into cells (103).

In cultured cells, uptake of Tau aggregates depends 
on the presence of heparan sulfate proteoglycans at the 
cell surface and may occur through macropinocyotsis 
(101). More recently, other groups have suggested the role 
of components of the extracellular matrix such as heparin 
or hyaluronic acid on Tau pathology (104, 105).

Based on the reports in the literature, Tau uptake 
seems to depend on both the conformation and size 
of the Tau aggregates. Wu et al. also showed that both 
oligomers and short fibrils which bind to the membrane, 
but not monomers, long fibrils, or long filaments, could 
be internalized by the neuronal cell through a receptor-
independent mechanism (86). Furthermore, a recent 
study has demonstrated that accumulation of intracellular 
Tau depends on the isoform composition of the Tau 
extracellular oligomers (106). The authors propose that 
the extracellular Tau oligomers disrupt anterograde and 
retrograde fast axonal transport by causing accumulation 
of endogenous intracellular Tau.

In summary, cellular uptake of Tau could be through 
a receptor-dependent or through a receptor-independent 
mechanism. Also, the uptake could take place not only in 
neurons but also in other brain cells like microglia (107). Also, 
Tau uptake could be done through nanotubes in a similar 
way to the transport taking place between T cells. In cultured 
neurons, that transport has been described (3, 108, 109).

Relation between β-Amyloid 
Spreading and Tau Spreading 
Senile plaques (consisted of β-amyoid peptide) and 
neurofibrillary tangles (made up of Tau) are the hallmarks 
of AD. However, several lines of researches suggest that 
Aβ and Tau oligomers may act synergistically for the 
development of AD. It is proposed the trans-synaptic 
transmission of these species as the cause of the spreading 
of pathology in AD (110).

Growing evidence propose a close relationship 
between Aβ and Tau. Gotz et al.  showed a huge increase of 
Tau neuropathology when fibrillary AB42 is injected into 
the brains of transgenic mice expressing human P301L 
Tau (111). In the same way, Jin et al. observed that soluble 
Aβ oligomers isolated from the AD brain stimulated Tau 
hyperphosphorylation at AD-relevant epitopes, and hence 
promote neurodegeneration in primary hippocampal 
neurons from rats (112). Afterwards, other groups have 
demonstrated that the accumulation and subsequent 
deposition of Aβ could induce the phosphorylation and 
aggregation of Tau in neurons (113, 114) and facilitate the 
propagation and toxicity of Tau inside neurons (115, 116). 
It is known that the accumulating Aβ42 oligomers activate 
a set of protein kinases, such as GSK-3β, a kinase that 
phosphorylates Tau (117). This hyperphosphorylated Tau 
could aggregate and induce neurodegeneration. All these 
works suggest a close relationship between β-amyloid and 
Tau on the spreading of AD pathology. 

Recent studies in transgenic animals have suggested 
an enhancement of Tau pathology spreading and toxicity 
by mutant APP (113). Furthermore, heterotypic seeding 
of Tau fibrils by Aβ pre-aggregates and further cerebral 
injection of Ab-seeded Tau in mice leads to increased 
Tau propagation in vivo (114), suggesting a cross-seeding 
mechanism. Interestingly, similar cross seeding had been 
previously reported between Tau and α-synuclein (118). 
Although progression of amyloid and Tau pathologies 
in AD is anatomically and temporally different in early 
stages of the disease, the overlap in later stages might 
reflect some sort of cross-talk. Nevertheless, whether or 
not these findings are relevant for the propagation of Tau 
pathology in AD and other human Tauopathies remains to 
be elucidated. 

Expert opinion

In this review, we summarize the recent studies on the 
Tau secretion in cellular systems. Exploration of this 



M. Pérez et al.: Secretion of full-length Tau or Tau fragments in cell culture models. Propagation of Tau...    7

process let us understand better the pathology of many 
neurodegenerative disorders where protein secretion could 
also take place. Several mechanisms have been proposed: 
constitutive secretion, ectosomes o exosomes, natotubes 
and macropinocytosis, but the exact mechanisms of Tau 
secretion and Tau propagation are unresolved yet. The 
debate is not closed, and most likely reflects the difficulty 
of accurately describing how the spreading of Tau takes 
place, which may depend on a combination of factors, 
including model systems used, Tau species secreted and 
other ones.

Outlook

The transcellular propagation of Tau in neurodegenerative 
diseases (Tauopathies) is still unknown. Future 
studies should aim to better understand the molecular 
mechanisms underlying Tau release, propagation and 
uptake in these pathologies (Figure 1). We must also 
improve our ability to detect the Tau species secreted. All 
these investigations will give us the clues to develop new 
therapies for the treatment of many disorders. These new 
strategies will include the reduction of Tau secretion, the 
enhancement of extracellular clearance of Tau in soluble 
or aggregated form and the inhibition of cell uptake. Also, 
further elucidation of Tau physiology will lead to a better 
understanding on of its biology and of the benefits of 
therapies designed to this process.

Highlights

 – Recent investigations have been focused on studying 
the role of extracellular Tau in pathology of neurode-
generative diseases.

 – Recent studies performed in non-neuronal and neu-
ronal cell lines overexpressing human Tau have pro-
posed that Tau could be secreted by several mecha-
nisms: non-vesicular secretion in a constitutive way, 
vesicular secretion, exosomes, ectosomes or tunne-
ling nanotubes.

 – Some Tau species have been detected in the extracel-
lular space: Tau phosphorylated, Tau truncated and 
Tau mutated. Data from these studies have suggested 
that the nature of Tau secreted could depend on the 
cell type tested.

 – The mechanisms involved in Tau uptake are poorly 
understood. Tau endocytosis could occur via receptor-
mediated endocytosis, dynamin-driven endocytosis 
of non-fibrillary, soluble Tau, or uptake of Tau aggre-
gates by macropinocitosis.

 – The observations that Tau can be secreted and taken 
up by adjacent cells set the basis to develop new stra-
tegies to block the propagation of Tau pathology in 
many neurodegenerative disorders.

 – Some aspects for specific tau uptake such as the neu-
ronal selectivity, the nature of the extracellular tau 
species involved, or the precise seeding mechanisms 
could require of further studies.

Figure 1: Schematic drawing of possible mechanims for Tau spreading: 1) exocytosis, 2) exosome release and 3) tunneling nanotubules 
(see the end of the Section “cellular uptake of Tau”); and for Tau uptake through: 4) dynamin-mediated endocytosis, 5) M1/M3-mediated 
receptors and 6) proteoglycas-mediated macropinocytosis.



8    M. Pérez et al.: Secretion of full-length Tau or Tau fragments in cell culture models. Propagation of Tau... 

Acknowledgements: This study was funded by grants from 
the Spanish Ministry of Economy and Competitiveness 
(SAF-2014-53040-P (Jesús Ávila), SAF2016-78603-R 
(Miguel Medina) and BFU2016-77885-P (Félix Hernández), 
the Centro de Investigasción Biomédica en Red sobre 
Enfermedades Neurodegenerativas (CIBERNED, ISCIII) 
(Jesús Ávila).

 References
1. Morris M, Maeda S, Vossel K, Mucke L. The many faces of tau. 

Neuron. 2011;70(3):410-26.
2. Braak H, Braak E. Neuropathological stageing of Alzheimer-

related changes. Acta Neuropathol. 1991;82(4):239-59.
3. Costanzo M, Zurzolo C. The cell biology of prion-like spread 

of protein aggregates: mechanisms and implication in 
neurodegeneration. Biochem J. 2013;452(1):1-17.

4. Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW. A protein 
factor essential for microtubule assembly. Proc Natl Acad Sci U 
S A. 1975;72(5):1858-62.

5. Pittman AM, Fung HC, de Silva R. Untangling the tau gene 
association with neurodegenerative disorders. Hum Mol Genet. 
2006;15 Spec No 2:R188-95.

6. Medina M, Avila J. The role of extracellular Tau in the spreading 
of neurofibrillary pathology. Front Cell Neurosci. 2014;8:113.

7. Dotti CG, Banker GA, Binder LI. The expression and distribution 
of the microtubule-associated proteins tau and microtubule-
associated protein 2 in hippocampal neurons in the rat in situ 
and in cell culture. Neuroscience. 1987;23(1):121-30.

8. Hanger DP, Anderton BH, Noble W. Tau phosphorylation: the 
therapeutic challenge for neurodegenerative disease. Trends 
Mol Med. 2009;15(3):112-9.

9. Mandell JW, Banker GA. A spatial gradient of tau 
protein phosphorylation in nascent axons. J Neurosci. 
1996;16(18):5727-40.

10. Hoover BR, Reed MN, Su J, Penrod RD, Kotilinek LA, Grant MK, 
et al. Tau mislocalization to dendritic spines mediates synaptic 
dysfunction independently of neurodegeneration. Neuron. 
2010;68(6):1067-81.

11. Goedert M, Spillantini MG. Pathogenesis of the tauopathies. J 
Mol Neurosci. 2011;45(3):425-31.

12. Johnson GV, Hartigan JA. Tau protein in normal and Alzheimer’s 
disease brain: an update. J Alzheimers Dis. 1999;1(4-5):329-51.

13. Aswathy PM, Jairani PS, Mathuranath PS. Genetics of 
frontotemporal lobar degeneration. Ann Indian Acad Neurol. 
2010;13(Suppl 2):S55-62.

14. Brion JP, Couck AM, Passareiro E, Flament-Durand 
J. Neurofibrillary tangles of Alzheimer’s disease: an 
immunohistochemical study. J Submicrosc Cytol. 1985;17(1):89-
96.

15. Morishima-Kawashima M, Hasegawa M, Takio K, Suzuki 
M, Yoshida H, Titani K, et al. Proline-directed and non-
proline-directed phosphorylation of PHF-tau. J Biol Chem. 
1995;270(2):823-9.

16. Wischik CM, Novak M, Edwards PC, Klug A, Tichelaar W, 
Crowther RA. Structural characterization of the core of the 

paired helical filament of Alzheimer disease. Proc Natl Acad Sci 
U S A. 1988;85(13):4884-8.

17. Wood JG, Mirra SS, Pollock NJ, Binder LI. Neurofibrillary tangles 
of Alzheimer disease share antigenic determinants with the 
axonal microtubule-associated protein tau (tau). Proc Natl Acad 
Sci U S A. 1986;83(11):4040-3.

18. Zhang Y, Tian Q, Zhang Q, Zhou X, Liu S, Wang JZ. 
Hyperphosphorylation of microtubule-associated tau protein 
plays dual role in neurodegeneration and neuroprotection. 
Pathophysiology. 2009;16(4):311-6.

19. Ambegaokar SS, Jackson GR. The downward spiral of tau and 
autolysosomes: a new hypothesis in neurodegeneration. 
Autophagy. 2012;8(7):1144-5.

20. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden 
H, et al. Association of missense and 5’-splice-site mutations 
in tau with the inherited dementia FTDP-17. Nature. 
1998;393(6686):702-5.

21. Poorkaj P, Bird TD, Wijsman E, Nemens E, Garruto RM, 
Anderson L, et al. Tau is a candidate gene for chromosome 17 
frontotemporal dementia. Ann Neurol. 1998;43(6):815-25.

22. Shafiei SS, Guerrero-Munoz MJ, Castillo-Carranza DL. Tau 
Oligomers: Cytotoxicity, Propagation, and Mitochondrial 
Damage. Front Aging Neurosci. 2017;9:83.

23. Hernandez F, Avila J. Tauopathies. Cell Mol Life Sci. 
2007;64(17):2219-33.

24. Chesser AS, Pritchard SM, Johnson GV. Tau clearance 
mechanisms and their possible role in the pathogenesis of 
Alzheimer disease. Front Neurol. 2013;4:122.

25. Miyasaka T, Watanabe A, Saito Y, Murayama S, Mann DM, 
Yamazaki M, et al. Visualization of newly deposited tau in 
neurofibrillary tangles and neuropil threads. J Neuropathol Exp 
Neurol. 2005;64(8):665-74.

26. Watanabe A, Hong WK, Dohmae N, Takio K, Morishima-
Kawashima M, Ihara Y. Molecular aging of tau: disulfide-
independent aggregation and non-enzymatic degradation in 
vitro and in vivo. J Neurochem. 2004;90(6):1302-11.

27. Ledesma MD, Bonay P, Colaco C, Avila J. Analysis of 
microtubule-associated protein tau glycation in paired helical 
filaments. J Biol Chem. 1994;269(34):21614-9.

28. Yan SD, Yan SF, Chen X, Fu J, Chen M, Kuppusamy P, et al. Non-
enzymatically glycated tau in Alzheimer’s disease induces 
neuronal oxidant stress resulting in cytokine gene expression 
and release of amyloid beta-peptide. Nat Med. 1995;1(7):693-9.

29. Cohen TJ, Guo JL, Hurtado DE, Kwong LK, Mills IP, Trojanowski 
JQ, et al. The acetylation of tau inhibits its function and 
promotes pathological tau aggregation. Nat Commun. 
2011;2:252.

30. Schweers O, Mandelkow EM, Biernat J, Mandelkow E. Oxidation 
of cysteine-322 in the repeat domain of microtubule-associated 
protein tau controls the in vitro assembly of paired helical 
filaments. Proc Natl Acad Sci U S A. 1995;92(18):8463-7.

31. Eble AS, Thorpe SR, Baynes JW. Nonenzymatic glucosylation 
and glucose-dependent cross-linking of protein. J Biol Chem. 
1983;258(15):9406-12.

32. Gamblin TC, Chen F, Zambrano A, Abraha A, Lagalwar S, 
Guillozet AL, et al. Caspase cleavage of tau: linking amyloid 
and neurofibrillary tangles in Alzheimer’s disease. Proc Natl 
Acad Sci U S A. 2003;100(17):10032-7.

33. Montejo de Garcini E, Serrano L, Avila J. Self assembly of 
microtubule associated protein tau into filaments resembling 



M. Pérez et al.: Secretion of full-length Tau or Tau fragments in cell culture models. Propagation of Tau...    9

those found in Alzheimer disease. Biochem Biophys Res 
Commun. 1986;141(2):790-6.

34. Dorval V, Fraser PE. Small ubiquitin-like modifier (SUMO) 
modification of natively unfolded proteins tau and alpha-
synuclein. J Biol Chem. 2006;281(15):9919-24.

35. Morishima-Kawashima M, Hasegawa M, Takio K, Suzuki 
M, Titani K, Ihara Y. Ubiquitin is conjugated with amino-
terminally processed tau in paired helical filaments. Neuron. 
1993;10(6):1151-60.

36. Fontaine SN, Sabbagh JJ, Baker J, Martinez-Licha CR, Darling A, 
Dickey CA. Cellular factors modulating the mechanism of tau 
protein aggregation. Cell Mol Life Sci. 2015;72(10):1863-79.

37. Avila J, Lucas JJ, Perez M, Hernandez F. Role of tau protein in 
both physiological and pathological conditions. Physiol Rev. 
2004;84(2):361-84.

38. Wang Y, Mandelkow E. Tau in physiology and pathology. Nat 
Rev Neurosci. 2016;17(1):5-21.

39. Brandt R, Leger J, Lee G. Interaction of tau with the neural 
plasma membrane mediated by tau’s amino-terminal 
projection domain. J Cell Biol. 1995;131(5):1327-40.

40. Vershinin M, Carter BC, Razafsky DS, King SJ, Gross SP. 
Multiple-motor based transport and its regulation by Tau. Proc 
Natl Acad Sci U S A. 2007;104(1):87-92.

41. Fulga TA, Elson-Schwab I, Khurana V, Steinhilb ML, Spires 
TL, Hyman BT, et al. Abnormal bundling and accumulation of 
F-actin mediates tau-induced neuronal degeneration in vivo. 
Nat Cell Biol. 2007;9(2):139-48.

42. Gong CX, Lidsky T, Wegiel J, Zuck L, Grundke-Iqbal I, Iqbal 
K. Phosphorylation of microtubule-associated protein tau is 
regulated by protein phosphatase 2A in mammalian brain. 
Implications for neurofibrillary degeneration in Alzheimer’s 
disease. J Biol Chem. 2000;275(8):5535-44.

43. Goedert M, Jakes R, Qi Z, Wang JH, Cohen P. Protein 
phosphatase 2A is the major enzyme in brain that 
dephosphorylates tau protein phosphorylated by proline-
directed protein kinases or cyclic AMP-dependent protein 
kinase. J Neurochem. 1995;65(6):2804-7.

44. Guo T, Noble W, Hanger DP. Roles of tau protein in health and 
disease. Acta Neuropathol. 2017;133(5):665-704.

45. Lee MJ, Lee JH, Rubinsztein DC. Tau degradation: the ubiquitin-
proteasome system versus the autophagy-lysosome system. 
Prog Neurobiol. 2013;105:49-59.

46. Dolan PJ, Johnson GV. A caspase cleaved form of tau is 
preferentially degraded through the autophagy pathway. J Biol 
Chem. 2010;285(29):21978-87.

47. Liu YH, Wei W, Yin J, Liu GP, Wang Q, Cao FY, et al. Proteasome 
inhibition increases tau accumulation independent of 
phosphorylation. Neurobiol Aging. 2009;30(12):1949-61.

48. Fernandez-Montoya J, Perez M. Cathepsin D in a murine model 
of frontotemporal dementia with Parkinsonism-linked to 
chromosome 17. J Alzheimers Dis. 2015;45(1):1-14.

49. Wang Y, Martinez-Vicente M, Kruger U, Kaushik S, Wong E, 
Mandelkow EM, et al. Tau fragmentation, aggregation and 
clearance: the dual role of lysosomal processing. Hum Mol 
Genet. 2009;18(21):4153-70.

50. Hamano T, Gendron TF, Causevic E, Yen SH, Lin WL, Isidoro 
C, et al. Autophagic-lysosomal perturbation enhances tau 
aggregation in transfectants with induced wild-type tau 
expression. Eur J Neurosci. 2008;27(5):1119-30.

51. Aguzzi A, Rajendran L. The transcellular spread of cytosolic 
amyloids, prions, and prionoids. Neuron. 2009;64(6):783-90.

52. Brundin P, Melki R, Kopito R. Prion-like transmission of protein 
aggregates in neurodegenerative diseases. Nat Rev Mol Cell 
Biol. 2010;11(4):301-7.

53. Saxena S, Caroni P. Selective neuronal vulnerability in 
neurodegenerative diseases: from stressor thresholds to 
degeneration. Neuron. 2011;71(1):35-48.

54. Hampel H, Teipel SJ, Fuchsberger T, Andreasen N, Wiltfang 
J, Otto M, et al. Value of CSF beta-amyloid1-42 and tau as 
predictors of Alzheimer’s disease in patients with mild 
cognitive impairment. Mol Psychiatry. 2004;9(7):705-10.

55. Tai HC, Serrano-Pozo A, Hashimoto T, Frosch MP, Spires-
Jones TL, Hyman BT. The synaptic accumulation of 
hyperphosphorylated tau oligomers in Alzheimer disease 
is associated with dysfunction of the ubiquitin-proteasome 
system. Am J Pathol. 2012;181(4):1426-35.

56. Ittner LM, Ke YD, Delerue F, Bi M, Gladbach A, van Eersel J,  
et al. Dendritic function of tau mediates amyloid-beta toxicity 
in Alzheimer’s disease mouse models. Cell. 2010;142(3):387-
97.

57. Gomez-Ramos A, Diaz-Hernandez M, Rubio A, Miras-Portugal 
MT, Avila J. Extracellular tau promotes intracellular calcium 
increase through M1 and M3 muscarinic receptors in neuronal 
cells. Mol Cell Neurosci. 2008;37(4):673-81.

58. Simon D, Garcia-Garcia E, Royo F, Falcon-Perez JM, Avila J. 
Proteostasis of tau. Tau overexpression results in its secretion 
via membrane vesicles. FEBS Lett. 2012;586(1):47-54.

59. Yamada K, Cirrito JR, Stewart FR, Jiang H, Finn MB, Holmes BB, 
et al. In vivo microdialysis reveals age-dependent decrease of 
brain interstitial fluid tau levels in P301S human tau transgenic 
mice. J Neurosci. 2011;31(37):13110-7.

60. Chai X, Dage JL, Citron M. Constitutive secretion of tau protein by 
an unconventional mechanism. Neurobiol Dis. 2012;48(3):356-66.

61. Pooler AM, Phillips EC, Lau DH, Noble W, Hanger DP. 
Physiological release of endogenous tau is stimulated by 
neuronal activity. EMBO Rep. 2013;14(4):389-94.

62. Braak H, Braak E. Staging of Alzheimer’s disease-related 
neurofibrillary changes. Neurobiol Aging. 1995;16(3):271-8; 
discussion 8-84.

63. de Calignon A, Polydoro M, Suarez-Calvet M, William C, 
Adamowicz DH, Kopeikina KJ, et al. Propagation of tau 
pathology in a model of early Alzheimer’s disease. Neuron. 
2012;73(4):685-97.

64. Dujardin S, Lecolle K, Caillierez R, Begard S, Zommer N, 
Lachaud C, et al. Neuron-to-neuron wild-type Tau protein 
transfer through a trans-synaptic mechanism: relevance to 
sporadic tauopathies. Acta Neuropathol Commun. 2014;2:14.

65. Meredith JE, Jr., Sankaranarayanan S, Guss V, Lanzetti AJ, 
Berisha F, Neely RJ, et al. Characterization of novel CSF Tau 
and ptau biomarkers for Alzheimer’s disease. PLoS One. 
2013;8(10):e76523.

66. Kanmert D, Cantlon A, Muratore CR, Jin M, O’Malley TT, Lee G, 
et al. C-Terminally Truncated Forms of Tau, But Not Full-Length 
Tau or Its C-Terminal Fragments, Are Released from Neurons 
Independently of Cell Death. J Neurosci. 2015;35(30):10851-65.

67. Clavaguera F, Bolmont T, Crowther RA, Abramowski D, Frank 
S, Probst A, et al. Transmission and spreading of tauopathy in 
transgenic mouse brain. Nat Cell Biol. 2009;11(7):909-13.



10    M. Pérez et al.: Secretion of full-length Tau or Tau fragments in cell culture models. Propagation of Tau... 

68. Frost B, Jacks RL, Diamond MI. Propagation of tau misfolding 
from the outside to the inside of a cell. J Biol Chem. 
2009;284(19):12845-52.

69. Kim W, Lee S, Jung C, Ahmed A, Lee G, Hall GF. Interneuronal 
transfer of human tau between Lamprey central neurons in situ. 
J Alzheimers Dis. 2010;19(2):647-64.

70. Plouffe V, Mohamed NV, Rivest-McGraw J, Bertrand J, Lauzon M, 
Leclerc N. Hyperphosphorylation and cleavage at D421 enhance 
tau secretion. PLoS One. 2012;7(5):e36873.

71. Bright J, Hussain S, Dang V, Wright S, Cooper B, Byun T, et 
al. Human secreted tau increases amyloid-beta production. 
Neurobiol Aging. 2015;36(2):693-709.

72. Karch CM, Jeng AT, Goate AM. Extracellular Tau levels are 
influenced by variability in Tau that is associated with 
tauopathies. J Biol Chem. 2012;287(51):42751-62.

73. Saman S, Kim W, Raya M, Visnick Y, Miro S, Saman S, et al. 
Exosome-associated tau is secreted in tauopathy models and 
is selectively phosphorylated in cerebrospinal fluid in early 
Alzheimer disease. J Biol Chem. 2012;287(6):3842-9.

74. Wang Y, Balaji V, Kaniyappan S, Kruger L, Irsen S, Tepper K, 
et al. The release and trans-synaptic transmission of Tau via 
exosomes. Mol Neurodegener. 2017;12(1):5.

75. Mohamed NV, Desjardins A, Leclerc N. Tau secretion is 
correlated to an increase of Golgi dynamics. PLoS One. 
2017;12(5):e0178288.

76. Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. 
Depletion of microglia and inhibition of exosome synthesis halt 
tau propagation. Nat Neurosci. 2015;18(11):1584-93.

77. Fontaine SN, Zheng D, Sabbagh JJ, Martin MD, Chaput D, 
Darling A, et al. DnaJ/Hsc70 chaperone complexes control the 
extracellular release of neurodegenerative-associated proteins. 
EMBO J. 2016;35(14):1537-49.

78. Kfoury N, Holmes BB, Jiang H, Holtzman DM, Diamond MI. 
Trans-cellular propagation of Tau aggregation by fibrillar 
species. J Biol Chem. 2012;287(23):19440-51.

79. Lasagna-Reeves CA, Castillo-Carranza DL, Sengupta U, 
Guerrero-Munoz MJ, Kiritoshi T, Neugebauer V, et al. Alzheimer 
brain-derived tau oligomers propagate pathology from 
endogenous tau. Sci Rep. 2012;2:700.

80. Takeda S, Wegmann S, Cho H, DeVos SL, Commins C, Roe AD, et 
al. Neuronal uptake and propagation of a rare phosphorylated 
high-molecular-weight tau derived from Alzheimer’s disease 
brain. Nat Commun. 2015;6:8490.

81. Iba M, McBride JD, Guo JL, Zhang B, Trojanowski JQ, Lee VM. 
Tau pathology spread in PS19 tau transgenic mice following 
locus coeruleus (LC) injections of synthetic tau fibrils is 
determined by the LC’s afferent and efferent connections. Acta 
Neuropathol. 2015;130(3):349-62.

82. Peeraer E, Bottelbergs A, Van Kolen K, Stancu IC, Vasconcelos 
B, Mahieu M, et al. Intracerebral injection of preformed 
synthetic tau fibrils initiates widespread tauopathy and 
neuronal loss in the brains of tau transgenic mice. Neurobiol 
Dis. 2015;73:83-95.

83. Ahmed Z, Cooper J, Murray TK, Garn K, McNaughton E, Clarke 
H, et al. A novel in vivo model of tau propagation with rapid 
and progressive neurofibrillary tangle pathology: the pattern 
of spread is determined by connectivity, not proximity. Acta 
Neuropathol. 2014;127(5):667-83.

84. Guo JL, Narasimhan S, Changolkar L, He Z, Stieber A, Zhang 
B, et al. Unique pathological tau conformers from Alzheimer’s 
brains transmit tau pathology in nontransgenic mice. J Exp 
Med. 2016;213(12):2635-54.

85. Usenovic M, Niroomand S, Drolet RE, Yao L, Gaspar RC, Hatcher 
NG, et al. Internalized Tau Oligomers Cause Neurodegeneration 
by Inducing Accumulation of Pathogenic Tau in Human Neurons 
Derived from Induced Pluripotent Stem Cells. J Neurosci. 
2015;35(42):14234-50.

86. Wu JW, Herman M, Liu L, Simoes S, Acker CM, Figueroa H, 
et al. Small misfolded Tau species are internalized via bulk 
endocytosis and anterogradely and retrogradely transported in 
neurons. J Biol Chem. 2013;288(3):1856-70.

87. Medina M, Hernandez F, Avila J. New Features about Tau 
Function and Dysfunction. Biomolecules. 2016;6(2).

88. Vanmechelen E, Vanderstichele H, Davidsson P, Van Kerschaver 
E, Van Der Perre B, Sjogren M, et al. Quantification of tau 
phosphorylated at threonine 181 in human cerebrospinal 
fluid: a sandwich ELISA with a synthetic phosphopeptide for 
standardization. Neurosci Lett. 2000;285(1):49-52.

89. Hampel H, Burger K, Pruessner JC, Zinkowski R, DeBernardis 
J, Kerkman D, et al. Correlation of cerebrospinal fluid levels 
of tau protein phosphorylated at threonine 231 with rates 
of hippocampal atrophy in Alzheimer disease. Arch Neurol. 
2005;62(5):770-3.

90. Hampel H, Buerger K, Kohnken R, Teipel SJ, Zinkowski R, 
Moeller HJ, et al. Tracking of Alzheimer’s disease progression 
with cerebrospinal fluid tau protein phosphorylated at 
threonine 231. Ann Neurol. 2001;49(4):545-6.

91. Blennow K, Hampel H. CSF markers for incipient Alzheimer’s 
disease. Lancet Neurol. 2003;2(10):605-13.

92. Diaz-Hernandez M, Gomez-Ramos A, Rubio A, Gomez-
Villafuertes R, Naranjo JR, Miras-Portugal MT, et al. Tissue-
nonspecific alkaline phosphatase promotes the neurotoxicity 
effect of extracellular tau. J Biol Chem. 2010;285(42):32539-48.

93. Barten DM, Cadelina GW, Hoque N, DeCarr LB, Guss VL, Yang L, 
et al. Tau transgenic mice as models for cerebrospinal fluid tau 
biomarkers. J Alzheimers Dis. 2011;24 Suppl 2:127-41.

94. Sokolow S, Henkins KM, Bilousova T, Gonzalez B, Vinters 
HV, Miller CA, et al. Pre-synaptic C-terminal truncated tau 
is released from cortical synapses in Alzheimer’s disease. J 
Neurochem. 2015;133(3):368-79.

95. Perez M, Cuadros R, Hernandez F, Avila J. Secretion of full-
length tau or tau fragments in a cell culture model. Neurosci 
Lett. 2016;634:63-9.

96. Green AJ, Harvey RJ, Thompson EJ, Rossor MN. Increased tau 
in the cerebrospinal fluid of patients with frontotemporal 
dementia and Alzheimer’s disease. Neurosci Lett. 
1999;259(2):133-5.

97. Kim W, Lee S, Hall GF. Secretion of human tau fragments 
resembling CSF-tau in Alzheimer’s disease is modulated 
by the presence of the exon 2 insert. FEBS Lett. 
2010;584(14):3085-8.

98. Guo JL, Lee VM. Cell-to-cell transmission of pathogenic proteins 
in neurodegenerative diseases. Nat Med. 2014;20(2):130-8.

99. Mohamed NV, Herrou T, Plouffe V, Piperno N, Leclerc N. 
Spreading of tau pathology in Alzheimer’s disease by cell-to-
cell transmission. Eur J Neurosci. 2013;37(12):1939-48.

100. Gomez-Ramos A, Diaz-Hernandez M, Rubio A, Diaz-Hernandez 
JI, Miras-Portugal MT, Avila J. Characteristics and consequences 
of muscarinic receptor activation by tau protein. Eur 
Neuropsychopharmacol. 2009;19(10):708-17.

101. Holmes BB, DeVos SL, Kfoury N, Li M, Jacks R, Yanamandra K, et 
al. Heparan sulfate proteoglycans mediate internalization and 
propagation of specific proteopathic seeds. Proc Natl Acad Sci 
U S A. 2013;110(33):E3138-47.



M. Pérez et al.: Secretion of full-length Tau or Tau fragments in cell culture models. Propagation of Tau...    11

102. Tardivel M, Begard S, Bousset L, Dujardin S, Coens A, Melki 
R, et al. Tunneling nanotube (TNT)-mediated neuron-to 
neuron transfer of pathological Tau protein assemblies. Acta 
Neuropathol Commun. 2016;4(1):117.

103. Takahashi M, Miyata H, Kametani F, Nonaka T, Akiyama H, 
Hisanaga S, et al. Extracellular association of APP and tau 
fibrils induces intracellular aggregate formation of tau. Acta 
Neuropathol. 2015;129(6):895-907.

104. Li Y, Li ZX, Jin T, Wang ZY, Zhao P. Tau Pathology Promotes the 
Reorganization of the Extracellular Matrix and Inhibits the 
Formation of Perineuronal Nets by Regulating the Expression 
and the Distribution of Hyaluronic Acid Synthases. J Alzheimers 
Dis. 2017;57(2):395-409.

105. Zhao J, Huvent I, Lippens G, Eliezer D, Zhang A, Li Q, et al. 
Glycan Determinants of Heparin-Tau Interaction. Biophys J. 
2017;112(5):921-32.

106. Swanson E, Breckenridge L, McMahon L, Som S, McConnell 
I, Bloom GS. Extracellular Tau Oligomers Induce Invasion 
of Endogenous Tau into the Somatodendritic Compartment 
and Axonal Transport Dysfunction. J Alzheimers Dis. 
2017;58(3):803-20.

107. Bolos M, Llorens-Martin M, Perea JR, Jurado-Arjona J, 
Rabano A, Hernandez F, et al. Absence of CX3CR1 impairs 
the internalization of Tau by microglia. Mol Neurodegener. 
2017;12(1):59.

108. Goedert M, Clavaguera F, Tolnay M. The propagation of prion-
like protein inclusions in neurodegenerative diseases. Trends 
Neurosci. 2010;33(7):317-25.

109. Victoria GS, Zurzolo C. The spread of prion-like proteins 
by lysosomes and tunneling nanotubes: Implications for 
neurodegenerative diseases. J Cell Biol. 2017;216(9):2633-44.

110. Jucker M, Walker LC. Neurodegeneration: Amyloid-beta 
pathology induced in humans. Nature. 2015;525(7568):193-4.

111. Gotz J, Chen F, van Dorpe J, Nitsch RM. Formation of 
neurofibrillary tangles in P301l tau transgenic mice induced by 
Abeta 42 fibrils. Science. 2001;293(5534):1491-5.

112. Jin M, Shepardson N, Yang T, Chen G, Walsh D, Selkoe DJ. 
Soluble amyloid beta-protein dimers isolated from Alzheimer 
cortex directly induce Tau hyperphosphorylation and neuritic 
degeneration. Proc Natl Acad Sci U S A. 2011;108(14):5819-24.

113. Pooler AM, Polydoro M, Maury EA, Nicholls SB, Reddy SM, 
Wegmann S, et al. Amyloid accelerates tau propagation 
and toxicity in a model of early Alzheimer’s disease. Acta 
Neuropathol Commun. 2015;3:14.

114. Vasconcelos B, Stancu IC, Buist A, Bird M, Wang P, 
Vanoosthuyse A, et al. Heterotypic seeding of Tau fibrillization 
by pre-aggregated Abeta provides potent seeds for prion-
like seeding and propagation of Tau-pathology in vivo. Acta 
Neuropathol. 2016;131(4):549-69.

115. Bilousova T, Miller CA, Poon WW, Vinters HV, Corrada M, Kawas 
C, et al. Synaptic Amyloid-beta Oligomers Precede p-Tau 
and Differentiate High Pathology Control Cases. Am J Pathol. 
2016;186(1):185-98.

116. Stancu IC, Vasconcelos B, Terwel D, Dewachter I. Models of 
beta-amyloid induced Tau-pathology: the long and “folded” 
road to understand the mechanism. Mol Neurodegener. 
2014;9:51.

117. Munoz-Montano JR, Moreno FJ, Avila J, Diaz-Nido J. Lithium 
inhibits Alzheimer’s disease-like tau protein phosphorylation 
in neurons. FEBS Lett. 1997;411(2-3):183-8.

118. Guo JL, Covell DJ, Daniels JP, Iba M, Stieber A, Zhang B, et al. 
Distinct alpha-synuclein strains differentially promote tau 
inclusions in neurons. Cell. 2013;154(1):103-17.


