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Abstract

It is well documented that neurofibrillary tangles composed of aggregated tau protein propagate in a predictable pattern in Alzhei-
mer’s disease (AD). The mechanisms underlying the propagation of tau pathology are still poorly understood. Recent studies
have provided solid data demonstrating that in several neurodegenerative diseases including AD, the spreading of misfolded pro-
tein aggregates in the brain would result from prion-like cell-to-cell transmission. Consistent with this new concept, recent studies
have reported that human tau can be released in the extracellular space by an active process of secretion, and can be endocyto-
sed both in vitro and in vivo. Most importantly, it was reported that the spreading of tau pathology was observed along synaptical-
ly connected circuits in a transgenic mouse model where human tau overexpression was restricted in the entorhinal cortex. This
indicates that secretion of tau by presynaptic neurons and its uptake by postsynaptic neurons could be the sequential events
leading to the propagation of tau pathology in the brain.

Introduction

Neurofibrillary tangles (NFTs) composed of misfolded aggregated
tau protein propagate in a predictable manner in Alzheimer’s disease
(AD) (Grundke-Iqbal et al., 1986a,b; Braak & Braak, 1991; Morris
et al., 2011). It is still unclear how NFTs spread in the human brain.
In recent years, a new concept has emerged that in several neurode-
generative diseases, including AD, the spreading of misfolded pro-
tein aggregates in the brain would result from prion-like cell-to-cell
transmission (Brundin et al., 2010; Frost & Diamond, 2010; Walker
et al., 2013). This implies that NFTs would propagate in the brain
by the release of misfolded tau aggregates from an affected neuron
followed by its uptake in neighboring neurons, as is the case for the
prion protein. Consistent with this, recent studies, including our
own, demonstrated that tau can be secreted and endocytosed both in
vitro and in vivo (Clavaguera et al., 2009; Frost et al., 2009; Kim
et al., 2010a,b; Guo & Lee, 2011; Yamada et al., 2011; Chai et al.,
2012; Karch et al., 2012; Kfoury et al., 2012; Plouffe et al., 2012;
Saman et al., 2012; Simon et al., 2012b; Wu et al., 2013). Most
interestingly, in a transgenic mouse model where human tau overex-
pression was restricted in the entorhinal cortex, the first region to be
affected in AD, the spreading of tau pathology was observed along
synaptically connected circuits (de Calignon et al., 2012; Liu et al.,
2012). Although the mechanisms of the trans-synaptic spreading of
tau pathology remain elusive, secretion of tau by presynaptic neu-
rons and its uptake by postsynaptic neurons appear as a plausible
cascade of events underlying the propagation of tau pathology in the
brain.

Contribution of tau pathology to neurodegeneration

Physiological role of tau and its structure

Neurons are polarized cells that present two compartments: dendrites
and the axon. Tau protein is enriched in the axon (Ludin & Matus,
1993). Tau is a natively unfolded protein that contains very few sec-
ondary structures (von Bergen et al., 2005). The most documented
role of tau is to stabilize the axonal microtubules (Mandell &
Banker, 1996). Consistent with this role, tau protein increases the
rate of microtubule polymerization and concurrently inhibits its rate
of depolymerization in vitro (Drechsel et al., 1992). The binding of
tau to tubulin is regulated by its phosphorylation state through the
coordinated action of kinases and phosphatases (Lindwall & Cole,
1984; Mandelkow et al., 1995).
Human tau proteins are encoded by a single gene consisting of

16 exons on chromosome 17q21 (Andreadis et al., 1992). Tau pro-
tein is rather a dipole with two domains of opposite charge, which
can be modulated by post-translational modifications (Sergeant
et al., 2008). In the CNS, alternative splicing of exons 2, 3 and
10 results in the appearance of six tau isoforms ranging from 352
to 441 amino acids in length that are differentially expressed dur-
ing postnatal development of the human brain (Goedert et al.,
1989; Sergeant et al., 2005). These different isoforms differ by the
presence of either three (3R) or four (4R) carboxy-terminal tandem
repeat sequences of 31 or 32 amino acids mediating its binding to
microtubules (Alonso et al., 2001; Sergeant et al., 2005). 4R iso-
forms are more efficient at promoting microtubule assembly and
have a greater microtubule binding affinity than do 3R isoforms
(Sergeant et al., 2005). Additionally, the 3R and 4R isoforms
differ as a result of alternative splicing of exons 2 and 3 at the
N-terminal to generate tau isoforms without (0N) or with either 29
(1N) or 58 (2N) amino acid inserts (Sergeant et al., 2005). The
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N-terminal portion of tau projecting from the microtubule surface
may interact with other cytoskeletal elements and the neuronal
plasma membrane (Sergeant et al., 2005). The distinct role of each
tau isoform is still undetermined. Furthermore, not all isoforms are
expressed in equal amounts throughout development. For example,
in an adult human brain, 3R to 4R isoforms are present in equal
amounts, but the 1N isoform of these two types is present in
higher quantities (Hong et al., 1998). In addition, the alternative
splicing of tau is developmentally regulated such that only the
shortest tau isoform (3R/0N) is expressed in the fetal brain,
whereas all six isoforms appear in the postnatal period of the
human brain (Sergeant et al., 2005).

Intracellular tau pathology

In pathological conditions, such as the case in AD, hyperphosphory-
lation of tau protein decreases its binding to tubulin and this, in
turn, results in tau self-aggregation into insoluble paired helical fila-
ments (PHFs), which form the NFTs (Iqbal & Grundke-Iqbal,
2008). Insoluble filaments composed of hyperphosphorylated tau are
also found in a group of diseases termed fronto-temporal lobar
degeneration (FTLD) (Lee et al., 2001; Cairns et al., 2007). FTLD
represents 5–15% of all dementia, and includes fronto-temporal
dementia with parkinsonism linked to chromosome 17 (FTDP-17)
(Cairns et al., 2007; Kumar-Singh & Van Broeckhoven, 2007).
Identification of mutations in the tau gene in patients suffering from
FTDP-17 supports the importance of its dysfunction in neurodegen-
eration (Hutton et al., 1998; Poorkaj et al., 1998; Cairns et al.,
2007). At least 40 mutations have been identified, which are respon-
sible for 10–20% of familial cases (Poorkaj et al., 2001; Rademak-
ers et al., 2004; Kumar-Singh & Van Broeckhoven, 2007;
Galimberti & Scarpini, 2012). No mutation in the tau gene was
found in patients with AD. However, recent studies have highlighted
the possibility that tau gene polymorphisms might be a risk factor
for AD and sporadic FTLD (Schraen-Maschke et al., 2004; Gerrish
et al., 2012).
The role of tau in neurodegeneration was confirmed in cell lines

and mouse models overexpressing either wild-type or mutant human
tau (Ishihara et al., 1999; Spittaels et al., 1999; Duff et al., 2000;
Lewis et al., 2000; Probst et al., 2000; Tatebayashi et al., 2002;
Santacruz et al., 2005; Alonso et al., 2010). Most of these models
developed tau pathology defined as the formation of insoluble fila-
ments composed of hyperphosphorylated tau in the somato-dendritic
compartment. When tau overexpression was targeted to the brain,
the presence of hyperphosphorylated tau was correlated to memory
deficits; and when tau overexpression was predominant in the spinal
cord, hyperphosphorylation of tau was associated with motor defi-
cits. All these models showed that tau dysfunction is detrimental to
neuronal function. However, the precise role of intracellular tau
aggregates in neurodegeneration remains to be fully characterized.
In patients with AD, the degree of dementia correlates with the
number of NFTs in the brain (Tomlinson et al., 1970; Alafuzoff
et al., 1987; Braak & Braak, 1991; Arriagada et al., 1992; Bierer
et al., 1995). However, in mouse models, NFT formation can be
dissociated from synapse loss and dysfunction, memory deficits and
neuronal loss, indicating that NFTs might not be the most toxic tau
species (Spires et al., 2006; Berger et al., 2007; Lasagna-Reeves
et al., 2012). In these models, memory loss was correlated to the
presence of tau oligomers. Similar oligomers were also detected in
patients with AD (Lasagna-Reeves et al., 2012). Most importantly,
tau oligomers but not fibrils added to neurons in culture exerted
neurotoxic effects (Lasagna-Reeves et al., 2012). Therefore, the

presence of intracellular and extracellular tau oligomers could con-
tribute to neuronal dysfunction and death in the AD brain.

Extracellular tau: a novel aspect of tau pathology

In recent years, several data generated in vitro and in vivo support
the possibility that extracellular tau can be a key factor in tau
pathology and in the spreading of this pathology in the brain. The
presence of extracellular tau in the AD brain was revealed by its
accumulation in cerebrospinal fluid (CSF) during the progression of
the disease (Hampel et al., 2010). An increase of tau in the CSF
was also observed in tau transgenic mice (Barten et al., 2011). The
presence of extracellular tau in the interstitial fluid in the absence of
neurodegeneration was then demonstrated by microdialysis in the
tau transgenic mouse brain, revealing that tau was released by neu-
rons in vivo (Yamada et al., 2011). All together the above observa-
tions indicated that extracellular tau could play a role in the
neuronal dysfunction and loss that take place in the AD brain. How-
ever, the contribution of extracellular tau to the process of neurode-
generation occurring in AD is still poorly understood.
In a previous study, it was shown that extracellular tau added to

the culture medium could act as an agonist of muscarinic M1 and
M3 receptors, inducing a robust and sustained increase of intracellu-
lar calcium that triggered cell death in SH-SY5Y cells (Diaz-Her-
nandez et al., 2010). Whether extracellular tau could contribute to
neuronal cell death through the activation of M1 and M3 receptors
in AD remains to be demonstrated. In a recent study, it was shown
that tau oligomers (50 nM) isolated from the AD brain decreased
long-term potentiation (LTP) in hippocampal slices (Lasagna-Reeves
et al., 2012). This decrease of LTP could be prevented by a pre-
incubation of tau oligomers with the antibody T22 recognizing olig-
omeric tau. In tau transgenic mice, LTP was shown to be impaired
(Polydoro et al., 2009). It remains to be determined whether extra-
cellular tau is involved in this event.
Extracellular tau could equally contribute to the propagation of

tau pathology in the brain. The transcellular propagation of tau
pathology was reported in vitro in non-neuronal cells overexpressing
human tau (Kfoury et al., 2012). Several recent studies have pro-
vided convincing data supporting the contribution of extracellular
tau to the propagation of tau pathology in vivo. In the first study, it
was demonstrated that the injection of a brain lysate containing the
mutant form of tau P301S resulted in the propagation of tau pathol-
ogy in the hippocampus and cerebral cortex of transgenic mice
expressing wild-type human tau (Clavaguera et al., 2009). In this
study, it was not determined whether extracellular tau could induce
tau pathology by gaining access to the inside of neurons or by acti-
vation of mechanisms promoting tau pathology from the outside of
neurons. In a second study, it was shown that in lamprey when
human tau cDNA was microinjected in central neurons, human tau
could transfer from one neuron to another indicating that secreted
tau could be involved in the propagation of the disease in vivo (Kim
et al., 2010b). However, it was unclear whether this phenomenon
was specific to this model. Recently, in a transgenic mouse model
where human tau overexpression was restricted in the entorhinal cor-
tex, the trans-synaptic spreading of tau pathology was observed (de
Calignon et al., 2012; Liu et al., 2012). The trans-synaptic spread-
ing of tau pathology most likely results from the secretion of tau by
presynaptic neurons and its uptake by postsynaptic ones. Consistent
with this cascade, the uptake of extracellular tau in mouse brain was
recently reported (Wu et al., 2013). However, the possibility that
extracellular tau could also induce tau pathology in the AD brain
without being taken up by neurons cannot be excluded. For
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example, as mentioned above, extracellular tau could behave like an
agonist of muscarinic M1 and M3 receptors that would induce an
increase of intracellular calcium resulting in an increase of tau hy-
perphosphorylation (Diaz-Hernandez et al., 2010). Subsequently, the
pool of hyperphosphorylated tau could sequester normal tau and
convert all tau isoforms in pathological species (Alonso et al., 1994,
1996).

Secretion of tau

Although it cannot be excluded with certainty that tau is not
released in the extracellular space by dying neurons in the AD brain,
the presence of tau in the interstitial fluid in tau transgenic mice
brain as well as the presence of tau in the CSF of tau transgenic
mice before neurodegeneration indicate that extracellular tau can be
released by an active process of secretion in vivo (Barten et al.,
2011; Yamada et al., 2011). In vitro, human tau was shown to be
secreted by several non-neuronal and neuronal cell lines when it
was overexpressed (see Table 1 for references). More recently,
endogenous tau was detected in the culture medium of iCell� neu-
rons, primary cortical neurons and SH-SY5Y cells (see Table 1 for
references). Different tau isoforms were shown to be secreted by
either non-neuronal or neuronal cell lines. In the first study pub-
lished by the laboratory of G. Hall, it was reported that the N-termi-
nal of tau was necessary for its secretion as a truncated form of tau
containing the C-terminal (211–441 a.a.) was not secreted by NB2a/
d1 cells (Kim et al., 2010b). Furthermore, in the same study it was
shown that the exon 2 exerted an inhibitory effect on tau secretion.
This was not corroborated in a recent study where the secretion of
3R2N and 4R2N was noted in HEK293T cells (Karch et al., 2012).
Most interestingly, 3R2N was shown to be more secreted than
3R0N, 4R0N and 4R2N, this last isoform being the less secreted.
From these studies, one can conclude that the secretion of tau is dis-
tinctly regulated in different cell lines. Mutations of tau linked to
FTLD were shown to either not affect tau secretion (DK280) or to
decrease tau secretion (P301L, P301S and R406W) in HEK293T
cells (Chai et al., 2012; Karch et al., 2012).
Secreted tau was found to be either membrane-free or included in

microvesicles/exosomes. Endogenous tau secreted by primary corti-
cal neurons (our unpublished data) and SH-SY5Y cells was mem-
brane-free (Karch et al., 2012). On the other hand, overexpressed
human tau secreted from the neuronal cell line M1C (4R0N) and
the non-neuronal cell line COS-7 (4R2N) was released in exosomes/
microvesicles (Saman et al., 2012; Simon et al., 2012a). In
HEK293T cells, secreted 4R2N was free, whereas 3R0N was
released both as a membrane-free pool and a pool included in micr-
ovesicles (Chai et al., 2012; Simon et al., 2012b). Finally, tau
(4R0N) secreted by Hela cells was membrane-free (Plouffe et al.,
2012). The above observations revealed that the state of secreted tau
depends on both the cell type and tau isoforms. In our recent study,
we demonstrated that the post-translational modifications of tau can
also influence its secretion. In Hela cells, the mimicking of hyper-
phosphorylation increased tau secretion as did its cleavage at the
caspase-3 site (Plouffe et al., 2012). Based on a recent study report-
ing that an increase of caspase activity is an early event in AD and
our results showing that the cleavage of tau at the caspase-3 site
enhances tau secretion, it appears that the secretion of tau would be
enhanced at the initial stage of the disease (de Calignon et al.,
2010).
In all the cellular systems used to examine tau secretion, it was

reported that tau secretion occurs through non-conventional secre-
tory pathways (Table 1). This conclusion was based on the fact that

the secretion of endogenous and overexpressed tau was insensitive
to brefeldin A, a drug that blocks the conventional secretory path-
way (Saraste et al., 1986). However, tau secretory pathways remain
to be fully characterized.

How does tau reach the extracellular space?

Most secretory proteins possess a signal peptide that directs their
sorting to the endoplasmic reticulum (ER) from where proteins are
transported to either the extracellular space or the plasma membrane
through the lumen of the ER–Golgi secretory pathway (Lee et al.,
2004). The signal-peptide-containing proteins use COPII-coated ves-
icles to exit the ER. Tau is a cytosolic protein lacking a signal pep-
tide for the secretory pathway. However, the absence of a signal
peptide does not exclude the possibility for a protein to be secreted.
In the last decade, several proteins lacking a signal peptide were
shown to be secreted through unconventional pathways (Fig. 1A;
Nickel & Rabouille, 2009). Until now, the most reported unconven-
tional secretory pathway utilized by proteins involved in neurode-
generative diseases is the exosomal one. Exosomes are intraluminal
vesicles formed in multivesicular bodies (MVBs) or endosomal-
related regions of the plasma membrane that can be released in the
extracellular space following the fusion of MVBs with the plasma
membrane (Fig. 1A, pathway 1; Smalheiser, 2007; Lakkaraju &
Rodriguez-Boulan, 2008). Superoxide dismutase-1 (SOD1), a pro-
tein associated with amyotrophic lateral sclerosis (ALS), a-synuc-
lein, a protein related to Parkinson’s disease, Ab peptide, involved
in AD, and the prion protein were shown to be secreted by exo-
somes (Fevrier et al., 2004; Rajendran et al., 2006; Gomes et al.,
2007; Emmanouilidou et al., 2010).
Recent studies performed in non-neuronal and neuronal cell lines

overexpressing human tau revealed that tau was secreted by exo-
somes (Saman et al., 2012; Simon et al., 2012a,b). Furthermore, tau
was also found in exosomes purified from the CSF of patients with
AD and control patients (Saman et al., 2012). Our recent work
showed that two pools of tau exist within neurons, a cytosolic and
membranous one (Farah et al., 2006; Perreault et al., 2009). Both
cytosolic and membranous tau could be secreted by exosomes.
Cytosolic proteins could be captured from the cytoplasm during the
formation of endosomal internal vesicles, which leads to the genera-
tion of MVBs that can fused with the plasma membrane and release
these vesicles as exosomes (pathway 1). We recently reported that
the membranous pool of tau was preferentially associated with the
ER membranes in the JNPL3 mice and in the AD brain (Perreault
et al., 2009). ER membranes, a pivotal element of the conventional
secretory pathway, can also be involved in the unconventional secre-
tion by exosomes (Nickel & Rabouille, 2009). Indeed, COPII vesi-
cles that form at the ER could be sorted to MVBs and then secreted
through exosomes (pathway 6; Yoo et al., 2002). This indicates that
tau attached to ER membranes could be secreted by exosomes. In
lamprey, tau was found in vesicles positive for the autophagosome
marker LC3 indicating that tau could use this membranous element
to be released in the extracellular space (Lee et al., 2012). Interest-
ingly, it was recently reported that autophagosomes can fuse with
endosomes/MVBs to release proteins by exosomes (pathway 4;
Duran et al., 2010).
Exosomes do not seem to be the sole pathway used by tau to be

released in the extracellular space. Several studies including ours
reported that tau secreted by non-neuronal and neuronal cells was
membrane-free. Both cytosolic and membranous tau could be
released as a free pool in the extracellular space. One possibility is
that free proteins in the cytosol could be captured and released in the
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Table 1. Listing of the references on tau secretion and endocytosis. Tau secretion and endocytosis were observed by both non-neuronal and neuronal cells. All
studies reported that tau was secreted by unconventional secretory pathways. Secreted tau was either full-length or cleaved tau at the C-terminal depending on
the cell type. Phosphorylation state of secreted tau also varied from one cell type to another.
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TABLE 1. (continued)
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extracellular space by secretory lysosomes, organelles presenting fea-
tures of both lysosomes and secretory granules (Andrei et al., 1999;
pathway 2). No study has yet addressed the contribution of secretory
lysosomes to tau secretion. In the case of membranous tau, it can be
secreted through its association with ER membranes by vesicles bud-
ding at their surface. For example, COPII vesicles budding from the
ER and containing tau at their surface could directly fuse with the
plasma membrane for secretion (pathway 5; Wang et al., 2004).
Another possibility is that non-COPII-coated vesicles forming at the
ER having tau attached at their surface could fuse directly with the
plasma membrane (pathway 7; Fatal et al., 2002), or could be tar-
geted to the Golgi and secreted through endosomal compartments
(pathway 8) or clathrin-coated vesicles (CCVs; pathway 9; Pon-
nambalam, 2003). Finally, we previously reported that tau is found at
the surface of Golgi membranes in both normal and pathological
conditions. Vesicles forming at the Golgi could also be involved in
tau secretion. Indeed, CCVs originating at the Golgi were shown to
either directly fuse with the plasma membrane or to fuse with endo-

somes/MVBs before reaching the plasma membrane (Ponnambalam
& Baldwin, 2003). If vesicles originating at the ER and/or Golgi are
involved in tau secretion, tau, being a cytosolic protein, is most
likely attached at the surface of these vesicles. In this case, upon the
fusion of these vesicles with the plasma membrane, tau would be
found on the cytoplasmic side of the plasma membrane. However, an
unknown flip-flop event taking place at the plasma membrane could
result in the cytoplasmic side of the plasma membrane containing tau
ending up on the extracellular side and thereby making possible the
release of tau outside the cell. Another possibility would be that tau
could reach the lumen of vesicles by an unknown mechanism. In
such a case, when the vesicles would fuse with the plasma mem-
brane, tau would be released in the extracellular space.

Post-translational modifications of secreted tau

Secreted full-length and cleaved tau were reported in vitro. Secreted
endogenous tau from primary cortical neurons, SH-SY5Y and iCell�

A

B C

Fig. 1. Unconventional secretory pathways potentially involved in tau secretion. Tau is represented as a red asterisk. (A) In pathway 1, free cytosolic tau could
be sequestered in internal vesicles in endosomes that would form multivesicular bodies (MVBs). MVBs would fuse with the plasma membrane to release exo-
somes containing tau. In pathway 2, free cytosolic tau would be captured by secretory lysosomes that would fuse with the plasma membrane to release mem-
brane-free tau. In pathway 3, tau contained in autophagosomes would be released in the extracellular space by their fusion with the plasma membrane. In
pathway 4, autophagosomes containing tau would fuse with endosomes/MVBs before fusing with the plasma membrane. In pathway 5, tau would be secreted
by COPII-coated vesicles forming at the endoplasmic reticulum (ER) that would fuse directly with the plasma membrane. In pathway 6, COPII-coated vesicles
forming at the ER would fuse with endosomes/MVBs before reaching the plasma membrane. In pathway 7, non-COPII-coated vesicles forming at the ER would
directly reach the plasma membrane to secrete tau. In pathway 8, non-COPII-coated vesicles forming at the ER would be transported at the Golgi where CCVs
would form and fuse with endosomes that would then fuse with the plasma membrane to release tau. In pathway 9, CCVs forming at the Golgi that contain tau
would directly fuse with the plasma membrane to release tau. (B) In normal conditions, tau being enriched in the axon could be secreted by the pathways 3, 4,
8 and 9 illustrated in (A). (C) In pathological conditions, tau becoming enriched in the somato-dendritic compartment, the nine unconventional pathways pre-
sented in (A) could be involved in tau secretion.
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neurons was full-length, as was overexpressed human tau secreted by
HEK293T cells (Chai et al., 2012; Karch et al., 2012). On the other
hand, overexpressed human tau secreted by M1C and Hela cells was
cleaved at the C-terminal (Kim et al., 2010a; Plouffe et al., 2012). In
HEK293T, several tau fragments were observed in the culture med-
ium, one at 17 kDa being predominant (Simon et al., 2012b). From
our study in Hela cells, it appears that tau would get cleaved before
being secreted as full-length recombinant tau added to the culture
medium was still detectable after a 48-h incubation with untransfect-
ed cells (Plouffe et al., 2012). The proteases involved in the cleavage
of secreted tau have not yet been identified.
The phosphorylation state of secreted tau was also examined. In

Hela cells, secreted tau was significantly dephosphorylated at several
sites (T181, S199, S202, T205, T212, S214, T217, T231, S235,
S262, S396, S404, S409 and S422) compared with intracellular tau
(Plouffe et al., 2012). In a previous study, it was shown that adding
dephosphorylated tau to the culture medium induced a sustained
increase of intracellular calcium by the activation of the muscarinic
M1 and M3 receptors (Gomez-Ramos et al., 2008; Diaz-Hernandez
et al., 2010). Dephosphorylated secreted tau could exert similar
effects on neurons in vivo and therefore contribute to neuronal dys-
function. On the other hand, tau secreted by HEK293T cells was
phosphorylated at T181, and the level of phosphorylation was similar
to that of intracellular tau indicating that tau released by these cells
was not dephosphorylated (Chai et al., 2012). Tau secreted by pri-
mary cortical neurons was also phosphorylated at T181 (Karch et al.,
2012). Interestingly, the pool of tau found in exosomes produced by
M1C cells overexpressing human tau was phosphorylated at several
epitopes (AT180, AT100, AT270, AT8 and PHF-1) detected in the
AD brain, tau phosphorylated at T181 being enriched in exosomes
(Saman et al., 2012). From the above observations, it appears that
the phosphorylation pattern of secreted tau depends on the cell type.

How is tau taken up by neurons?

The mechanisms involved in tau uptake are still poorly understood.
Aggregation of either a truncated form of tau containing the micro-
tubule-binding domain or full-length tau favors its endocytosis by
non-neuronal and neuronal cells (Frost et al., 2009; Guo & Lee,
2011; Wu et al., 2013). The size of tau fibrils influences the rate of
tau endocytosis. Indeed, low molecular weight aggregates and short
fibrils but not long fibrils are endocytosed by neurons and Hela cells
(Wu et al., 2013). Tau aggregates do not enter a cell by a simple
fluid-phase endocytic mechanism but rather by an active endocytic
process (Frost et al., 2009; Guo & Lee, 2011; Wu et al., 2013). En-
docytosed tau co-localized with dextran, a marker of bulk-endocyto-
sis as well as with markers of the endolysosomal compartments
such as Rab5 (Wu et al., 2013). Tau endocytosis could also occur
through the formation of macropinosomes (Walker et al., 2013).
This endocytic pathway was also reported for the aggregates of mis-
folded SOD1, a protein associated with ALS (Munch et al., 2011).
Most interestingly, the endocytosis of tau aggregates could be
blocked when the anti-tau antibody HJ9.3 was added to the culture
medium to trap tau aggregates (Kfoury et al., 2012). This highlights
the possibility that the propagation of tau pathology could be pre-
vented in vivo by using anti-tau antibodies.

Is tau secreted and endocytosed by the somato-
dendritic compartment and/or presynaptic terminal?

In normal conditions, tau is enriched in the axon and therefore could
be released at the presynaptic terminal (Fig. 1B). MVBs have been

rarely documented in the CNS axons in normal conditions, and
therefore it is unlikely that tau would be released by exosomes
through MVBs at the presynaptic terminal (Von Bartheld & Altick,
2011). On the other hand, autophagosomes were observed in the
distal portion of the axon as well as endosomes (Maday et al.,
2012). The fusion of autophagosomes with endosomes results in the
formation of amphisomes containing exosomes (Fig. 1A, pathway 4;
Berg et al., 1998). Therefore, exosomal tau could be released by the
fusion amphisomes with the plasma membrane of the presynaptic
terminal. Membrane-free tau could also be released by the fusion of
autophagosomes with the plasma membrane (Fig. 1A, pathway 3).
Another possibility would be that membrane-free tau could be gen-
erated by the breakdown of exosomes. This pool of free tau could
then be endocytosed at the presynaptic terminal, and subsequently
be released by recycling endosomes as demonstrated for alpha-syn-
uclein (Liu et al., 2009; Hasegawa et al., 2011). Indeed, extracellu-
lar alpha-synuclein was shown to be taken up, transported to early
endosomes and then recycled back to the plasma membrane to be
released in the extracellular space. A similar strategy could be used
to release tau at the presynaptic terminal. Finally, based on our pre-
vious data demonstrating the association of tau with the Golgi mem-
branes in normal conditions, it can be speculated that vesicles
originating at the Golgi could travel along the axon to deliver tau at
the presynaptic terminal (Farah et al., 2006). These vesicles could
fuse directly with the plasma membrane or indirectly through endo-
somes (Fig. 1A, pathways 8 and 9).
During the progression of AD, tau accumulates in the somato-

dendritic compartment (Iqbal & Grundke-Iqbal, 2008). This redistri-
bution could give tau access to several unconventional secretory
pathways explaining the significant accumulation of tau in the CSF
at the early stage of the disease (Fig. 1C). For example, MVBs are
50 times more numerous in the soma than in the axon, and therefore
tau accumulating in the somato-dendritic compartment is more likely
to be captured in MVBs than tau located in the axon (Fig. 1A, path-
way 1; Von Bartheld & Altick, 2011). Lysosomes are also more
abundant in the soma increasing the possibility for tau to be secreted
by secretory lysosomes (Fig. 1A, pathway 2). Interestingly, lyso-
somes are more numerous and more activated in tau transgenic mice
(Lim et al., 2001). The number of autophagosomes in the soma is
increased in the AD brain, favoring the possibility for tau to be
secreted by a pathway involving this membranous element (Fig. 1A,
pathways 3 and 4; Nixon et al., 2005). We previously reported that
in the AD brain and in the tau transgenic mouse JNPL3, hyper-
phosphorylated tau preferentially accumulates at the surface of the
ER (Perreault et al., 2009). This highlights the possibility for tau to
be secreted by unconventional pathways originating at the ER
(Fig. 1A, pathways 5–9). In conclusion, several of the unconven-
tional secretory pathways described so far could contribute to the
increased detection of tau in the CSF of patients with AD.
In two recent studies, it was reported that tau pathology propa-

gates trans-synaptically (de Calignon et al., 2012; Liu et al., 2012).
This implies that tau would be released at the presynaptic terminal
and subsequently taken up by the postsynaptic neuron. When tau
begins to accumulate in the somato-dendritic compartment, tau could
be released by this compartment and this could contribute to the
local spreading of tau pathology. An amplification of tau pathology
at the synapse could take place when tau released by the somato-
dendritic compartment would be taken up by the presynaptic termi-
nal. Consistent with this scenario, hyperphosphorylated and misfold-
ed tau accumulates at the presynaptic and postsynaptic terminals in
the AD brain (Tai et al., 2012). Furthermore, it was recently demon-
strated that tau can be endocytosed by both the somato-dendritic
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compartment and the presynaptic terminal (Wu et al., 2013). The
amplification of tau pathology at the synapse could exacerbate the
synaptic dysfunction noted at the early stage of AD.

Conclusions

The recent observation that tau can be secreted by neurons indicates
that both extracellular and intracellular tau could contribute to the
process of neurodegeneration observed in AD. In particular, it is
becoming clear that extracellular tau can impair synaptic function.
This highlights the possibility that in the AD brain, the extracellular
accumulation of both Aß and tau could exert detrimental effects on
synaptic function. It will be interesting to investigate whether they
cooperate to induce synaptic dysfunction as they do to impair mito-
chondrial function (Quintanilla et al., 2012). Most importantly, the
observation that misfolded tau can be secreted and taken up by adja-
cent neurons calls for the development of novel strategies to block
the propagation of tau pathology in the brain.

Abbreviations

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CCV, clathrin-
coated vesicle; CSF, cerebrospinal fluid; ER, endoplasmic reticulum; FTDP-
17, fronto-temporal dementia with parkinsonism linked to chromosome 17;
FTLD, fronto-temporal lobar degeneration; LTP, long-term potentiation;
MVB, multivesicular body; NFT, neurofibrillary tangle; SOD1, superoxide
dismutase-1.

References

Alafuzoff, I., Iqbal, K., Friden, H., Adolfsson, R. & Winblad, B. (1987) His-
topathological criteria for progressive dementia disorders: clinical-patho-
logical correlation and classification by multivariate data analysis. Acta
Neuropathol., 74, 209–225.

Alonso, A.C., Zaidi, T., Grundke-Iqbal, I. & Iqbal, K. (1994) Role of abnor-
mally phosphorylated tau in the breakdown of microtubules in Alzheimer
disease. Proc. Natl. Acad. Sci. USA, 91, 5562–5566.

Alonso, A.C., Grundke-Iqbal, I. & Iqbal, K. (1996) Alzheimer’s disease hy-
perphosphorylated tau sequesters normal tau into tangles of filaments and
disassembles microtubules. Nat. Med., 2, 783–787.

Alonso, A.D., Zaidi, T., Novak, M., Barra, H.S., Grundke-Iqbal, I. & Iqbal,
K. (2001) Interaction of tau isoforms with Alzheimer’s disease abnormally
hyperphosphorylated tau and in vitro phosphorylation into the disease-like
protein. J. Biol. Chem., 276, 37967–37973.

Alonso, A.D., Di Clerico, J., Li, B., Corbo, C.P., Alaniz, M.E., Grundke-Iq-
bal, I. & Iqbal, K. (2010) Phosphorylation of tau at Thr212, Thr231, and
Ser262 combined causes neurodegeneration. J. Biol. Chem., 285, 30851–
30860.

Andreadis, A., Brown, W.M. & Kosik, K.S. (1992) Structure and novel ex-
ons of the human tau gene. Biochemistry, 31, 10626–10633.

Andrei, C., Dazzi, C., Lotti, L., Torrisi, M.R., Chimini, G. & Rubartelli, A.
(1999) The secretory route of the leaderless protein interleukin 1beta
involves exocytosis of endolysosome-related vesicles. Mol. Biol. Cell, 10,
1463–1475.

Arriagada, P., Growdon, J., Hedley-Whyte, E. & Hyman, B. (1992) Neurofi-
brillary tangles but not senile plaques parallel duration and severity of Alz-
heimer’s disease. Neurology, 42, 631–639.

Barten, D.M., Cadelina, G.W., Hoque, N., DeCarr, L.B., Guss, V.L., Yang, L.,
Sankaranarayanan, S., Wes, P.D., Flynn, M.E., Meredith, J.E., Ahlijanian,
M.K. & Albright, C.F. (2011) Tau transgenic mice as models for cerebrospi-
nal fluid tau biomarkers. J. Alzheimers Dis., 24(Suppl 2), 127–141.

Berg, T.O., Fengsrud, M., Stromhaug, P.E., Berg, T. & Seglen, P.O. (1998)
Isolation and characterization of rat liver amphisomes. Evidence for fusion
of autophagosomes with both early and late endosomes. J. Biol. Chem.,
273, 21883–21892.

von Bergen, M., Barghorn, S., Biernat, J., Mandelkow, E.M. & Mandelkow,
E. (2005) Tau aggregation is driven by a transition from random coil to
beta sheet structure. Biochim. Biophys. Acta, 1739, 158–166.

Berger, Z., Roder, H., Hanna, A., Carlson, A., Rangachari, V., Yue, M.,
Wszolek, Z., Ashe, K., Knight, J., Dickson, D., Andorfer, C., Rosenberry,

T.L., Lewis, J., Hutton, M. & Janus, C. (2007) Accumulation of pathologi-
cal tau species and memory loss in a conditional model of tauopathy. J.
Neurosci., 27, 3650–3662.

Bierer, L., Hof, P., Purohit, D., Carlin, L., Schmeidler, J., Davis, K. & Perl,
D. (1995) Neocortical neurofibrillary tangles correlate with dementia sever-
ity in Alzheimer’s disease. Arch. Neurol., 52, 81–88.

Braak, H. & Braak, E. (1991) Neuropathological staging of Alzheimer-
related changes. Acta Neuropathol., 82, 239–259.

Brundin, P., Melki, R. & Kopito, R. (2010) Prion-like transmission of protein
aggregates in neurodegenerative diseases. Nat. Rev. Mol. Cell Biol., 11,
301–307.

Cairns, N.J., Bigio, E.H., Mackenzie, I.R., Neumann, M., Lee, V.M., Hat-
anpaa, K.J., White, C.L. 3rd., Schneider, J.A., Grinberg, L.T., Halliday,
G., Duyckaerts, C., Lowe, J.S., Holm, I.E., Tolnay, M., Okamoto, K., Yo-
koo, H., Murayama, S., Woulfe, J., Munoz, D.G., Dickson, D.W., Ince,
P.G., Trojanowski, J.Q. & Mann, D.M. (2007) Neuropathologic diagnostic
and nosologic criteria for frontotemporal lobar degeneration: consensus of
the Consortium for Frontotemporal Lobar Degeneration. Acta Neuropa-
thol., 114, 5–22.

de Calignon, A., Fox, L.M., Pitstick, R., Carlson, G.A., Bacskai, B.J.,
Spires-Jones, T.L. & Hyman, B.T. (2010) Caspase activation precedes and
leads to tangles. Nature, 464, 1201–1204.

de Calignon, A., Polydoro, M., Suarez-Calvet, M., William, C., Adamowicz,
D.H., Kopeikina, K.J., Pitstick, R., Sahara, N., Ashe, K.H., Carlson, G.A.,
Spires-Jones, T.L. & Hyman, B.T. (2012) Propagation of tau pathology in
a model of early Alzheimer’s disease. Neuron, 73, 685–697.

Chai, X., Dage, J.L. & Citron, M. (2012) Constitutive secretion of tau pro-
tein by an unconventional mechanism. Neurobiol. Dis., 48, 356–366.

Clavaguera, F., Bolmont, T., Crowther, R.A., Abramowski, D., Frank, S.,
Probst, A., Fraser, G., Stalder, A.K., Beibel, M., Staufenbiel, M., Jucker,
M., Goedert, M. & Tolnay, M. (2009) Transmission and spreading of tau-
opathy in transgenic mouse brain. Nat. Cell Biol., 11, 909–913.

Diaz-Hernandez, M., Gomez-Ramos, A., Rubio, A., Gomez-Villafuertes, R.,
Naranjo, J.R., Miras-Portugal, M.T. & Avila, J. (2010) Tissue non-specific
alkaline phosphatase promotes the neurotoxicity effect of extracellular tau.
J. Biol. Chem., 285, 32539–32548.

Drechsel, D.N., Hyman, A.A., Cobb, M.H. & Kirschner, M.W. (1992) Mod-
ulation of the dynamic instability of tubulin assembly by the microtubule-
associated protein tau. Mol. Biol. Cell, 3, 1141–1154.

Duff, K., Knight, H., Refolo, L., Sanders, S., Yu, X., Picciano, M., Malester,
B., Hutton, M., Adamson, J., Goedert, M., Burki, K. & Davies, P. (2000)
Characterization of pathology in transgenic mice over-expressing human
genomic and cDNA tau transgenes. Neurobiol. Dis., 7, 87–98.

Duran, J.M., Anjard, C., Stefan, C., Loomis, W.F. & Malhotra, V. (2010)
Unconventional secretion of Acb1 is mediated by autophagosomes. J. Cell
Biol., 188, 527–536.

Emmanouilidou, E., Melachroinou, K., Roumeliotis, T., Garbis, S.D., Ntzo-
uni, M., Margaritis, L.H., Stefanis, L. & Vekrellis, K. (2010) Cell-pro-
duced alpha-synuclein is secreted in a calcium-dependent manner by
exosomes and impacts neuronal survival. J. Neurosci., 30, 6838–6851.

Farah, C., Perreault, S., Liazoghli, D., Desjardins, M., Anton, A., Lauzon,
M., Paiement, J. & Leclerc, N. (2006) Tau interacts with Golgi membranes
and mediates their association with microtubules. Cell Motil. Cytoskel., 63,
710–724.

Fatal, N., Suntio, T. & Makarow, M. (2002) Selective protein exit from yeast
endoplasmic reticulum in absence of functional COPII coat component
Sec13p. Mol. Biol. Cell, 13, 4130–4140.

Fevrier, B., Vilette, D., Archer, F., Loew, D., Faigle, W., Vidal, M., Laude,
H. & Raposo, G. (2004) Cells release prions in association with exosomes.
Proc. Natl. Acad. Sci. USA, 101, 9683–9688.

Frost, B. & Diamond, M.I. (2010) Prion-like mechanisms in neurodegenera-
tive diseases. Nat. Rev. Neurosci., 11, 155–159.

Frost, B., Jacks, R.L. & Diamond, M.I. (2009) Propagation of tau misfolding
from the outside to the inside of a cell. J. Biol. Chem., 284, 12845–12852.

Galimberti, D. & Scarpini, E. (2012) Genetics of frontotemporal lobar degen-
eration. Front. Neurol., 3, 52.

Gerrish, A., Russo, G., Richards, A., Moskvina, V., Ivanov, D., Harold, D.,
Sims, R., Abraham, R., Hollingworth, P., Chapman, J., Hamshere, M.,
Pahwa, J.S., Dowzell, K., Williams, A., Jones, N., Thomas, C., Stretton,
A., Morgan, A.R., Lovestone, S., Powell, J., Proitsi, P., Lupton, M.K.,
Brayne, C., Rubinsztein, D.C., Gill, M., Lawlor, B., Lynch, A., Morgan,
K., Brown, K.S., Passmore, P.A., Craig, D., McGuinness, B., Todd, S.,
Johnston, J.A., Holmes, C., Mann, D., Smith, A.D., Love, S., Kehoe,
P.G., Hardy, J., Mead, S., Fox, N., Rossor, M., Collinge, J., Maier, W.,
Jessen, F., Kolsch, H., Heun, R., Schurmann, B., van den Bussche, H.,

© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 37, 1939–1948

1946 N.-V. Mohamed et al.



Heuser, I., Kornhuber, J., Wiltfang, J., Dichgans, M., Frolich, L., Hampel,
H., Hull, M., Rujescu, D., Goate, A.M., Kauwe, J.S., Cruchaga, C., Now-
otny, P., Morris, J.C., Mayo, K., Livingston, G., Bass, N.J., Gurling, H.,
McQuillin, A., Gwilliam, R., Deloukas, P., Davies, G., Harris, S.E., Starr,
J.M., Deary, I.J., Al-Chalabi, A., Shaw, C.E., Tsolaki, M., Singleton,
A.B., Guerreiro, R., Muhleisen, T.W., Nothen, M.M., Moebus, S., Jockel,
K.H., Klopp, N., Wichmann, H.E., Carrasquillo, M.M., Pankratz, V.S.,
Younkin, S.G., Jones, L., Holmans, P.A., O’Donovan, M.C., Owen, M.J.
& Williams, J. (2012) The role of variation at AbetaPP, PSEN1, PSEN2,
and MAPT in late onset Alzheimer’s disease. J. Alzheimers Dis., 28, 377–
387.

Goedert, M., Spillantini, M.G., Jakes, R., Rutherford, D. & Crowther, R.A.
(1989) Multiple isoforms of human microtubule-associated protein tau:
sequences and localization in neurofibrillary tangles of Alzheimer’s dis-
ease. Neuron, 3, 519–526.

Gomes, C., Keller, S., Altevogt, P. & Costa, J. (2007) Evidence for secretion
of Cu, Zn superoxide dismutase via exosomes from a cell model of amyo-
trophic lateral sclerosis. Neurosci. Lett., 428, 43–46.

Gomez-Ramos, A., Diaz-Hernandez, M., Rubio, A., Miras-Portugal, M.T. &
Avila, J. (2008) Extracellular tau promotes intracellular calcium increase
through M1 and M3 muscarinic receptors in neuronal cells. Mol. Cell.
Neurosci., 37, 673–681.

Grundke-Iqbal, I., Iqbal, K., Quinlan, M., Tung, Y., Zaidi, M. & Wisniewski,
H. (1986a) Microtubule-associated protein tau. A component of Alzheimer
paired helical filaments. J. Biol. Chem., 261, 6084–6089.

Grundke-Iqbal, I., Iqbal, K., Tung, Y., Quinlan, M., Wisniewski, H. & Bin-
der, L. (1986b) Abnormal phosphorylation of the microtubule-associated
protein tau (tau) in Alzheimer cytoskeletal pathology. Proc. Natl. Acad.
Sci. USA, 83, 4913–4917.

Guo, J.L. & Lee, V.M. (2011) Seeding of normal Tau by pathological Tau
conformers drives pathogenesis of Alzheimer-like tangles. J. Biol. Chem.,
286, 15317–15331.

Hampel, H., Blennow, K., Shaw, L.M., Hoessler, Y.C., Zetterberg, H. &
Trojanowski, J.Q. (2010) Total and phosphorylated tau protein as biologi-
cal markers of Alzheimer’s disease. Exp. Gerontol., 45, 30–40.

Hasegawa, T., Konno, M., Baba, T., Sugeno, N., Kikuchi, A., Kobayashi,
M., Miura, E., Tanaka, N., Tamai, K., Furukawa, K., Arai, H., Mori, F.,
Wakabayashi, K., Aoki, M., Itoyama, Y. & Takeda, A. (2011) The AAA-
ATPase VPS4 regulates extracellular secretion and lysosomal targeting of
alpha-synuclein. PLoS ONE, 6, e29460.

Hong, M., Zhukareva, V., Vogelsberg-Ragaglia, V., Wszolek, Z., Reed, L.,
Miller, B., Geschwind, D., Bird, T., McKeel, D., Goate, A., Morris, J.,
Wilhelmsen, K., Schellenberg, G., Trojanowski, J. & Lee, V. (1998) Muta-
tion-specific functional impairments in distinct tau isoforms of hereditary
FTDP-17. Science, 282, 1914–1917.

Hutton, M., Lendon, C.L., Rizzu, P., Baker, M., Froelich, S., Houlden, H.,
Pickering-Brown, S., Chakraverty, S., Isaacs, A., Grover, A., Hackett, J.,
Adamson, J., Lincoln, S., Dickson, D., Davies, P., Petersen, R.C., Stevens,
M., de Graaff, E., Wauters, E., van Baren, J., Hillebrand, M., Joosse, M.,
Kwon, J.M., Nowotny, P., Che, L.K., Norton, J., Morris, J.C., Reed, L.A.,
Trojanowski, J., Basun, H., Lannfelt, L., Neystat, M., Fahn, S., Dark, F.,
Tannenberg, T., Dodd, P.R., Hayward, N., Kwok, J.B., Schofield, P.R.,
Andreadis, A., Snowden, J., Craufurd, D., Neary, D., Owen, F., Oostra,
B.A., Hardy, J., Goate, A., van Swieten, J., Mann, D., Lynch, T. & Heut-
ink, P. (1998) Association of missense and 5′-splice-site mutations in tau
with the inherited dementia FTDP-17. Nature, 393, 702–705.

Iqbal, K. & Grundke-Iqbal, I. (2008) Alzheimer neurofibrillary degeneration:
significance, etiopathogenesis, therapeutics and prevention. J. Cell. Mol.
Med., 12, 38–55.

Ishihara, T., Hong, M., Zhang, B., Nakagawa, Y., Lee, M., Trojanowski, J.
& Lee, V. (1999) Age-dependent emergence and progression of a tauopa-
thy in transgenic mice overexpressing the shortest human tau isoform.
Neuron, 24, 751–762.

Karch, C.M., Jeng, A.T. & Goate, A.M. (2012) Extracellular tau levels are
influenced by variability in tau that is associated with tauopathies. J. Biol.
Chem., 287, 42751–42762.

Kfoury, N., Holmes, B.B., Jiang, H., Holtzman, D.M. & Diamond, M.I.
(2012) Trans-cellular propagation of Tau aggregation by fibrillar species.
J. Biol. Chem., 287, 19440–19451.

Kim, W., Lee, S. & Hall, G.F. (2010a) Secretion of human tau fragments
resembling CSF-tau in Alzheimer’s disease is modulated by the presence
of the exon 2 insert. FEBS Lett., 584, 3085–3088.

Kim, W., Lee, S., Jung, C., Ahmed, A., Lee, G. & Hall, G.F. (2010b) Inter-
neuronal transfer of human tau between Lamprey central neurons in situ.
J. Alzheimers Dis., 19, 647–664.

Kumar-Singh, S. & Van Broeckhoven, C. (2007) Frontotemporal lobar
degeneration: current concepts in the light of recent advances. Brain
Pathol., 17, 104–114.

Lakkaraju, A. & Rodriguez-Boulan, E. (2008) Itinerant exosomes: emerging
roles in cell and tissue polarity. Trends Cell Biol., 18, 199–209.

Lasagna-Reeves, C.A., Castillo-Carranza, D.L., Sengupta, U., Guerrero-
Munoz, M.J., Kiritoshi, T., Neugebauer, V., Jackson, G.R. & Kayed, R.
(2012) Alzheimer brain-derived tau oligomers propagate pathology from
endogenous tau. Sci. Rep., 2, 700.

Lee, V., Goedert, M. & Trojanowski, J. (2001) Neurodegenerative tauopa-
thies. Annu. Rev. Neurosci., 24, 1121–1159.

Lee, M.C., Miller, E.A., Goldberg, J., Orci, L. & Schekman, R. (2004) Bi-
directional protein transport between the ER and Golgi. Annu. Rev. Cell
Dev. Bi., 20, 87–123.

Lee, S., Kim, W., Li, Z. & Hall, G.F. (2012) Accumulation of vesicle-asso-
ciated human tau in distal dendrites drives degeneration and tau secretion
in an in situ cellular tauopathy model. Int. J. Alzheimers Dis., 2012,
172837.

Lewis, J., McGowan, E., Rockwood, J., Melrose, H., Nacharaju, P., Van
Slegtenhorst, M., Gwinn-Hardy, K., Paul Murphy, M., Baker, M., Yu, X.,
Duff, K., Hardy, J., Corral, A., Lin, W., Yen, S., Dickson, D., Davies, P.
& Hutton, M. (2000) Neurofibrillary tangles, amyotrophy and progressive
motor disturbance in mice expressing mutant (P301L) tau protein. Nat.
Genet., 25, 402–405.

Lim, F., Hernandez, F., Lucas, J.J., Gomez-Ramos, P., Moran, M.A. & Avi-
la, J. (2001) FTDP-17 mutations in tau transgenic mice provoke lysosomal
abnormalities and Tau filaments in forebrain. Mol. Cell. Neurosci., 18,
702–714.

Lindwall, G. & Cole, R.D. (1984) Phosphorylation affects the ability of tau
protein to promote microtubule assembly. J. Biol. Chem., 259, 5301–5305.

Liu, J., Zhang, J.P., Shi, M., Quinn, T., Bradner, J., Beyer, R., Chen, S. &
Zhang, J. (2009) Rab11a and HSP90 regulate recycling of extracellular
alpha-synuclein. J. Neurosci., 29, 1480–1485.

Liu, L., Drouet, V., Wu, J.W., Witter, M.P., Small, S.A., Clelland, C. &
Duff, K. (2012) Trans-synaptic spread of tau pathology in vivo. PLoS
ONE, 7, e31302.

Ludin, B. & Matus, A. (1993) The neuronal cytoskeleton and its role in axo-
nal and dendritic plasticity. Hippocampus, 3, 61–71.

Maday, S., Wallace, K.E. & Holzbaur, E.L. (2012) Autophagosomes initiate
distally and mature during transport toward the cell soma in primary neu-
rons. J. Cell Biol., 196, 407–417.

Mandelkow, E., Song, Y.H., Schweers, O., Marx, A. & Mandelkow, E.M.
(1995) On the structure of microtubules, tau, and paired helical filaments.
Neurobiol. Aging, 16, 347–354.

Mandell, J. & Banker, G. (1996) Microtubule-associated proteins, phosphory-
lation gradients, and the establishment of neuronal polarity. Perspect. Dev.
Neurobi., 4, 125–135.

Morris, M., Maeda, S., Vossel, K. & Mucke, L. (2011) The many faces of
tau. Neuron, 70, 410–426.

Munch, C., O’Brien, J. & Bertolotti, A. (2011) Prion-like propagation of
mutant superoxide dismutase-1 misfolding in neuronal cells. Proc. Natl.
Acad. Sci. USA, 108, 3548–3553.

Nickel, W. & Rabouille, C. (2009) Mechanisms of regulated unconventional
protein secretion. Nat. Rev. Mol. Cell Biol., 10, 148–155.

Nixon, R.A., Wegiel, J., Kumar, A., Yu, W.H., Peterhoff, C., Cataldo, A. &
Cuervo, A.M. (2005) Extensive involvement of autophagy in Alzheimer
disease: an immuno-electron microscopy study. J. Neuropath. Exp. Neur.,
64, 113–122.

Perreault, S., Bousquet, O., Lauzon, M., Paiement, J. & Leclerc, N. (2009)
Increased association between rough endoplasmic reticulum membranes
and mitochondria in transgenic mice that express P301L tau. J. Neuropath.
Exp. Neur., 68, 503–514.

Plouffe, V., Mohamed, N.V., Rivest-McGraw, J., Bertrand, J., Lauzon, M. &
Leclerc, N. (2012) Hyperphosphorylation and cleavage at D421 enhance
tau secretion. PLoS ONE, 7, e36873.

Polydoro, M., Acker, C.M., Duff, K., Castillo, P.E. & Davies, P. (2009)
Age-dependent impairment of cognitive and synaptic function in the htau
mouse model of tau pathology. J. Neurosci., 29, 10741–10749.

Ponnambalam, S. (2003) Protein secretion and the Golgi apparatus. Mol.
Membr. Biol., 20, 97–98.

Ponnambalam, S. & Baldwin, S.A. (2003) Constitutive protein secretion from
the trans-Golgi network to the plasma membrane. Mol. Membr. Biol., 20,
129–139.

Poorkaj, P., Bird, T.D., Wijsman, E., Nemens, E., Garruto, R.M., Anderson,
L., Andreadis, A., Wiederholt, W.C., Raskind, M. & Schellenberg, G.D.

© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 37, 1939–1948

Spreading of tau pathology in AD 1947



(1998) Tau is a candidate gene for chromosome 17 frontotemporal demen-
tia. Ann. Neurol., 43, 815–825.

Poorkaj, P., Grossman, M., Steinbart, E., Payami, H., Sadovnick, A., Noch-
lin, D., Tabira, T., Trojanowski, J.Q., Borson, S., Galasko, D., Reich, S.,
Quinn, B., Schellenberg, G. & Bird, T.D. (2001) Frequency of tau gene
mutations in familial and sporadic cases of non-Alzheimer dementia. Arch.
Neurol., 58, 383–387.

Probst, A., G€otz, J., Wiederhold, K., Tolnay, M., Mistl, C., Jaton, A., Hong,
M., Ishihara, T., Lee, V., Trojanowski, J., Jakes, R., Crowther, R., Spillan-
tini, M., B€urki, K. & Goedert, M. (2000) Axonopathy and amyotrophy in
mice transgenic for human four-repeat tau protein. Acta Neuropathol., 99,
469–481.

Quintanilla, R.A., Dolan, P.J., Jin, Y.N. & Johnson, G.V. (2012) Truncated
tau and Abeta cooperatively impair mitochondria in primary neurons. Neu-
robiol. Aging, 33, e625–e635.

Rademakers, R., Cruts, M. & van Broeckhoven, C. (2004) The role of tau
(MAPT) in frontotemporal dementia and related tauopathies. Hum. Mutat.,
24, 277–295.

Rajendran, L., Honsho, M., Zahn, T.R., Keller, P., Geiger, K.D., Verkade, P.
& Simons, K. (2006) Alzheimer’s disease beta-amyloid peptides are
released in association with exosomes. Proc. Natl. Acad. Sci. USA, 103,
11172–11177.

Saman, S., Kim, W., Raya, M., Visnick, Y., Miro, S., Jackson, B., McKee,
A.C., Alvarez, V.E., Lee, N.C. & Hall, G.F. (2012) Exosome-associated
tau is secreted in tauopathy models and is selectively phosphorylated in
cerebrospinal fluid in early Alzheimer disease. J. Biol. Chem., 287, 3842–
3849.

Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M.,
Guimaraes, A., DeTure, M., Ramsden, M., McGowan, E., Forster, C., Yue,
M., Orne, J., Janus, C., Mariash, A., Kuskowski, M., Hyman, B., Hutton, M.
& Ashe, K.H. (2005) Tau suppression in a neurodegenerative mouse model
improves memory function. Science, 309, 476–481.

Saraste, J., Palade, G.E. & Farquhar, M.G. (1986) Temperature-sensitive
steps in the transport of secretory proteins through the Golgi complex in
exocrine pancreatic cells. Proc. Natl. Acad. Sci. USA, 83, 6425–6429.

Schraen-Maschke, S., Dhaenens, C.M., Delacourte, A. & Sablonniere, B.
(2004) Microtubule-associated protein tau gene: a risk factor in human
neurodegenerative diseases. Neurobiol. Dis., 15, 449–460.

Sergeant, N., Delacourte, A. & Buee, L. (2005) Tau protein as a differential
biomarker of tauopathies. Biochim. Biophys. Acta, 1739, 179–197.

Sergeant, N., Bretteville, A., Hamdane, M., Caillet-Boudin, M.L., Grognet,
P., Bombois, S., Blum, D., Delacourte, A., Pasquier, F., Vanmechelen, E.,
Schraen-Maschke, S. & Buee, L. (2008) Biochemistry of Tau in Alzhei-
mer’s disease and related neurological disorders. Expert Rev. Proteomic.,
5, 207–224.

Simon, D., Garcia-Garcia, E., Gomez-Ramos, A., Falcon-Perez, J.M., Diaz-
Hernandez, M., Hernandez, F. & Avila, J. (2012a) Tau overexpression
results in its secretion via membrane vesicles. Neurodegener. Dis., 10, 73–
75.

Simon, D., Garcia-Garcia, E., Royo, F., Falcon-Perez, J.M. & Avila, J.
(2012b) Proteostasis of tau. Tau overexpression results in its secretion via
membrane vesicles. FEBS Lett., 586, 47–54.

Smalheiser, N.R. (2007) Exosomal transfer of proteins and RNAs at synapses
in the nervous system. Biol. Direct, 2, 35.

Spires, T.L., Orne, J.D., SantaCruz, K., Pitstick, R., Carlson, G.A., Ashe,
K.H. & Hyman, B.T. (2006) Region-specific dissociation of neuronal loss
and neurofibrillary pathology in a mouse model of tauopathy. Am.
J. Pathol., 168, 1598–1607.

Spittaels, K., Van den Haute, C., Van Dorpe, J., Bruynseels, K., Vandez-
ande, K., Laenen, I., Geerts, H., Mercken, M., Sciot, R., Van Lommel, A.,
Loos, R. & Van Leuven, F. (1999) Prominent axonopathy in the brain and
spinal cord of transgenic mice overexpressing four-repeat human tau pro-
tein. Am. J. Pathol., 155, 2153–2165.

Tai, H.C., Serrano-Pozo, A., Hashimoto, T., Frosch, M.P., Spires-Jones,
T.L. & Hyman, B.T. (2012) The synaptic accumulation of hyperphosph-
orylated tau oligomers in Alzheimer disease is associated with dysfunc-
tion of the ubiquitin-proteasome system. Am. J. Pathol., 181, 1426–
1435.

Tatebayashi, Y., Miyasaka, T., Chui, D.H., Akagi, T., Mishima, K., Iwa-
saki, K., Fujiwara, M., Tanemura, K., Murayama, M., Ishiguro, K.,
Planel, E., Sato, S., Hashikawa, T. & Takashima, A. (2002) Tau fila-
ment formation and associative memory deficit in aged mice express-
ing mutant (R406W) human tau. Proc. Natl. Acad. Sci. USA, 99,
13896–13901.

Tomlinson, B.E., Blessed, G. & Roth, M. (1970) Observations on the brains
of demented old people. J. Neurol. Sci., 11, 205–242.

Von Bartheld, C.S. & Altick, A.L. (2011) Multivesicular bodies in neurons: distri-
bution, protein content, and trafficking functions. Prog. Neurobiol., 93, 313–340.

Walker, L.C., Diamond, M.I., Duff, K.E. & Hyman, B.T. (2013) Mechanisms of
protein seeding in neurodegenerative diseases. JAMA Neurol., 70, 304–310.

Wang, X., Matteson, J., An, Y., Moyer, B., Yoo, J.S., Bannykh, S., Wilson,
I.A., Riordan, J.R. & Balch, W.E. (2004) COPII-dependent export of cys-
tic fibrosis transmembrane conductance regulator from the ER uses a di-
acidic exit code. J. Cell Biol., 167, 65–74.

Wu, J.W., Herman, M., Liu, L., Simoes, S., Acker, C.M., Figueroa, H.,
Steinberg, J.I., Margittai, M., Kayed, R., Zurzolo, C., Di Paolo, G. &
Duff, K.E. (2013) Small misfolded tau species are internalized via bulk
endocytosis and anterogradely and retrogradely transported in neurons. J.
Biol. Chem., 288, 1856–1870.

Yamada, K., Cirrito, J.R., Stewart, F.R., Jiang, H., Finn, M.B., Holmes,
B.B., Binder, L.I., Mandelkow, E.M., Diamond, M.I., Lee, V.M. & Holtz-
man, D.M. (2011) In vivo microdialysis reveals age-dependent decrease of
brain interstitial fluid tau levels in P301S human tau transgenic mice. J.
Neurosci., 31, 13110–13117.

Yoo, J.S., Moyer, B.D., Bannykh, S., Yoo, H.M., Riordan, J.R. & Balch,
W.E. (2002) Non-conventional trafficking of the cystic fibrosis transmem-
brane conductance regulator through the early secretory pathway. J. Biol.
Chem., 277, 11401–11409.

© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 37, 1939–1948

1948 N.-V. Mohamed et al.


