
Starvation and inhibition of lysosomal
function increased tau secretion by
primary cortical neurons
Nguyen-Vi Mohamed1, Vanessa Plouffe1, Gaudeline Rémillard-Labrosse1, Emmanuel Planel2

& Nicole Leclerc1
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Recent studies have demonstrated that human tau can be secreted by neurons and non-neuronal cells, an
event linked to the propagation of tau pathology in the brain. In the present study, we confirmed that under
physiological conditions, one tau-positive band was detected in the culture medium with an anti-tau
antibody recognizing total tau and the Tau-1 antibody directed against unphosphorylated tau. We then
examined whether tau secretion was modified upon insults. Tau secretion was increased by starvation
[Earle’s Balanced Salt Solution (EBSS)], inhibition of lysosomal function (leupeptin) and when both of these
conditions were superimposed, this combined treatment having the most important effects on tau secretion.
Interestingly, the pattern of tau secretion was distinct from that of control neurons when neurons were
treated either with EBSS alone or EBSS 1 leupeptin. In these conditions, three tau-positive bands were
detected in the culture medium. Two of these three bands were immunoreactive to Tau-1 antibody revealing
that at least two tau species were released upon these treatments. Collectively, our results indicate that
insults such as nutrient deprivation and lysosomal dysfunction observed in neurodegenerative diseases
could result in an increase of tau secretion and propagation of tau pathology in the brain.

N
eurofibrillary tangles (NFTs) composed of misfolded aggregated tau protein propagate in a predictable
manner in Alzheimer’s disease (AD)1–4. It is still unclear how NFTs spread in human brain. In recent
years, a new concept has emerged that in several neurodegenerative diseases including AD, the spreading

of misfolded protein aggregates in brain would result from cell-to-cell transmission5–8. 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. Consistent with this, recent studies, including our own demonstrated that tau can
be secreted and endocytosed both in vitro and in vivo9–21. Most interestingly, in a transgenic mouse model where
human tau overexpression was restricted to the entorhinal cortex, the first region to be affected in AD, the
spreading of tau pathology was observed along synaptically connected circuits22,23. Although the mechanisms of
the trans-synaptic spreading of tau pathology remain elusive, secretion of tau by pre-synaptic neurons and its
uptake by post-synaptic neurons appear as a plausible cascade of events underlying the propagation of tau
pathology in the brain.

Although it cannot be excluded with certainty that tau is not released in the extracellular space by dying
neurons in AD brain, the presence of tau in the interstitial fluid in tau transgenic mice brain as well as the presence
of tau in the cerebrospinal fluid (CSF) of tau transgenic mice before neurodegeneration indicate that extracellular
tau can be released by an active process of secretion in vivo13,24. In vitro, human tau was shown to be secreted by
several non-neuronal and neuronal cell lines when it was overexpressed8. More recently, endogenous tau was
shown to be secreted by primary cortical neurons in normal conditions and this event increases upon neuronal
activity25. In non-neuronal and neuronal cell lines, it was reported that tau secretion occurs through non-
conventional secretory pathways12,14,18,26,27. This conclusion was mainly based on the fact that tau was found in
exosomes and that the secretion of endogenous and overexpressed tau was insensitive to brefeldin A, a drug that
blocks the conventional secretory pathway18,26–28. However, tau secretory pathways remain to be fully
characterized.

Both full-length and cleaved tau were reported to be secreted in vitro. Secreted endogenous tau from primary
cortical neurons, SH-SY5Y and iCellH neurons was full-length whereas overexpressed human tau secreted by
M1C and Hela cells was cleaved at the C-terminal14,16,25. The overexpression of human tau in HEK293T resulted in
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the secretion of either full-length or cleaved species16,27. The phos-
phorylation state of secreted tau was also examined. Depending on
the cell type, overexpressed human tau secreted by non-neuronal
cells was either phosphorylated or importantly dephosphorylated
at several sites12,14. Interestingly, the pool of tau found in exosomes
produced by M1C cells overexpressing human tau was phosphory-
lated at several epitopes (AT180, AT100, AT270, AT8 and PHF-1)
detected in AD brain, tau phosphorylated at T181 being enriched in
exosomes18. In the case of tau secreted by primary cortical neurons,
one study reported that it was phosphorylated at T181 and two
studies showed that it was dephosphorylated at the epitope recog-
nized by the Tau-1 antibody16,25.

An increase of tau in the CSF is noted in several neurodegenerative
diseases including AD indicating that tau might be more secreted in
pathological conditions29. In the present study, we examined whether
tau secretion by primary cortical neurons would be modified upon
insults. Both starvation by incubating neurons in EBSS and inhibi-
tion of lysosomal function by treatment with leupeptin significantly
increased tau secretion. However, the most important increase of tau
secretion was observed when both insults were superimposed. Upon
EBSS and EBSS 1 leupeptin (E 1 L) but not leupeptin treatment, the
pattern of tau secretion differed from that of control neurons. As a
result of these treatments, three tau-positive bands were detected in
the medium. Furthermore, two pools of tau were secreted by EBSS
and E 1 L treated neurons based on their immunoreactivity to the
Tau-1 antibody recognizing unphosphorylated tau. The present
results revealed that starvation and lysosomal dysfunction exert pos-
itive effects on tau secretion and therefore these insults could con-
tribute to the increased release of tau in pathological conditions.

Experimental Procedures
Preparation and transfection of mouse primary cortical neurons.
The use of animals and all surgical procedures described in this
article were carried out according to The guide to the Care and Use
of Experimental Animals of the Canadian Council on Animal Care.
Primary cortical cultures were prepared from E16 mouse embryos
(C57BL6 mice). The cerebral cortices were treated with trypsin
(0.025% at 37uC for 20 min). The reaction was stopped with tryp-
sin inhibitor solution containing DNAse. Neurons were dissociated
by several passages through a Pasteur pipette. The cells were then
plated either on glass coverslips or on culture dishes coated with
polylysine and laminin (Sigma, Oakville, ON, Canada). The neu-
rons were maintained in Neurobasal medium (Invitrogen, Burling-
ton, ON, Canada) supplemented with glutamax (Invitrogen) and
B27 (Invitrogen). When specified, six days after plating, Lipo-
fectamine 2000 (Invitrogen) was used to transfect neurons with
pmRFP-LC330. Briefly, for 2 petris, 1 mg of plasmid DNA was
mixed with 50 ml of Opti-MEM medium (Invitrogen), and 4 ml of
Lipofectamine 2000 was mixed with 50 ml of Opti-MEM medium.
Both mixtures were incubated for 5 min then combined and left
standing for 20 min. The culture medium of each petri was
removed, stored at 37uC for further use and replaced with 2 ml of
fresh medium to which 40 ml of the DNA-Lipofectamine mix was
added. After an incubation of 90 min at 37uC, cells were washed with
a Hanks’ balanced salts solution and the stored culture medium was
put back in each petri.

Treatment with EBSS and leupeptin. Seven days after plating,
neurons were incubated either in EBSS alone (Invitrogen), 20 mM
leupeptin (Sigma) diluted in water or EBSS and 20 mM leupeptin for
3–9 hrs. Control cells were incubated in complete Neurobasal
medium for 3–9 hrs. Then, the medium was harvested and the
cells lysed as described below.

Quantification of cell death and cell membrane integrity. Cell
death was evaluated by trypan blue exclusion method. Briefly,

neurons were cultured on glass coverslips. Cells were washed twice
with phosphate buffered saline (PBS) and then incubated in 0.2%
trypan blue (Sigma) diluted in PBS for 4 min at room temperature
(RT). Cells were then washed once with PBS and fixed in 4%
paraformaldehyde for 5 min at 4uC and then 10 min at RT. The
number of blue cells (dead cells) and total cells were counted in
ten different fields and the cell death percentage was evaluated by
the ratio of blue cells on the total number of cells.

Cell membrane integrity was assessed by the measurement of the
LDH activity in the culture medium using the LDH cytotoxicity assay
kit from Cayman Chemical Company (Ann Arbor, MI, USA),
according to the manufacturer’s instructions. Triplicates were per-
formed for each sample. The LDH content in the samples was mea-
sured with a BIO-TEK Elx800 plate reader.

Preparation of cell lysates. After the culture medium was collected,
the cells were immediately washed twice with PBS and once with PBS
containing 0.5 M NaCl to detach proteins non-specifically attached
to the cell surface31. The cells were then lysed in modified RIPA buffer
[Tris HCl pH 7.5 50 mM, NaCl 150 mM, Triton X-100 0.5%, sodium
deoxycholate (SDC) 0.5%, sodium dodecyl sulfate (SDS) 1%, dithi-
othreitol (DTT) 1 mM, NaF 50 mM, Na3VO4 5 mM], protease inhi-
bitor cocktail 13 (Complete EDTA-free from Roche Diagnostics,
Indianapolis, IN), phosphatase inhibitor cocktail 23 (PhosSTOP
from Roche Diagnostics). Protein assay was performed with Bio-
Rad DC Protein assay (Bio-Rad Laboratories Ltd., Mississauga,
ON, Canada).

Immunoprecipitation of tau from culture medium. After treat-
ment, the culture medium was collected from control and treated
cells and centrifuged at 3000 RPM for 10 min at RT to remove cell
debris. To analyze the pattern of secreted tau isoforms, tau was
immunoprecipitated from the culture medium. For each condition,
60 ml of magnetic beads coupled with anti-mouse antibodies
(Invitrogen, DynabeadsH M-280 Sheep anti-Mouse IgG) or with
anti-rabbit antibodies (Invitrogen, DynabeadsH M-280 Sheep anti-
Rabbit IgG) were washed in PBS containing 0.1% BSA and incubated
O/N at 4uC with one of the following antibodies: 0.4 mg Tau-5
(Invitrogen) or 2 mg A0024 (DAKO) respectively. The beads were
then washed and incubated for 2 hrs at 4uC with 1.5 ml of the culture
medium. The complex bead-antibody-antigen was then washed in
PBS, resuspended in 30 ml of sample buffer 13 and boiled for 5 min.
Immunoblotting was performed as described below.

Immunoblotting. Equal amounts of proteins were loaded in each
lane and electrophoresed on a 10% polyacrylamide gel. Following
SDS-PAGE separation, proteins were electrophoretically transferred
to a nitrocellulose membrane. Then the membranes were incubated
in 5% milk diluted in 0.2% Tween-20 Tris buffered saline (TBST) for
1 hr. The nitrocellulose stripes were incubated with the primary
antibodies O/N at 4uC. They were then washed in TBST and
incubated with the peroxidase-conjugated secondary antibodies.
Membranes were again washed and revealed by chemilumine-
scence (Amersham Pharmacia Biotech, Quebec, Quebec, Canada).
The image acquisition and densitometry were performed with a
ChemiDocTM MP System. After incubation with tau antibodies,
membranes were stripped to visualize the level of c-actin (Santa-
Cruz Biotechnology Inc, Santa-Cruz, CA) as a loading control for
the cell lysates. Membranes were also incubated with the mouse or
rabbit peroxidase-conjugated secondary antibodies to reveal IgG as a
loading control for immunoprecipitates. The quantification of LC3-
II was done according to the procedure recommanded in the last
version of Guidelines for the use and interpretation of assays for
monitoring autophagy published in 201232. The changes of LC3-II
levels were quantified in comparison to those of actin and not to
those of LC3-I.
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Dephosphorylation of tau by lambda-protein phosphatase. Cells
were lysed in Ripa buffer (1 mM PMSF, protease inhibitors cocktail
13, 1 mM okadaic acid, 0.25% Na-deoxycholate, 50 mM Tris-HCl
ph7.4, 1% Nonidet P-40, 0.9% NaCl, 1 mM EDTA) with a syringe
and centrifuged at 200003 G for 20 min at 4uC. Forty ml of super-
natant was mix with 200 units of lambda protein phosphatase
(BioLabs) and incubated at 30uC for 3 hrs. The reaction was
stopped by adding 13 sample buffer and boiled for 5 min at 95uC.

Immunofluorescence on primary cortical neurons. Treated neu-
rons grown on coverslips were fixed in 4% paraformaldehyde
prepared in PBS for 30 min. Neurons were then permeabilized
with 0.2% Triton X-100 in PBS for 5 min. Cultures were kept in
PBS until they were processed for immunofluorescence. For
immunofluorescence, coverslips were blocked with 5% normal
goat serum (NGS) (Invitrogen) in PBS. Then coverslips were
stained with the antibody A0024 (15500) (DAKO). After 3 washes
in PBS, coverslips were incubated with anti-rabbit antibody coupled
to FITC (15500, Jackson ImmunoResearch). The antibody was
diluted in the blocking solution. Incubations were carried out at
RT for 1 hr. Coverslips were then washed in PBS and mounted in
mowiol. Labeled cells were visualized with an axioplant Zeiss
fluorescence microscope using either 363 or 3100 objective.

Formation of autophagosomes was quantified in control and neu-
rons treated with either EBSS alone or EBSS 1 leupeptin that were
transfected with RFP-LC3. The formation of autophagosomes was
confirmed by the presence of RFP-LC3 positive dots.

Electron microscopy. Primary cortical neurons were fixed in 0.1 M
cacodylate buffer (pH 7.4; 37uC) containing 1.0% glutaraldehyde
(MECALAB, Québec, Canada) and 1.5% tannic acid (Fisher,
Québec, Canada). Cells were postfixed with 1% osmium tetroxide
(EMS, PA, USA) in cacodylate buffer at 4uC. After several washes in
buffer, neurons were dehydrated in graded ethanol, infiltrated and
embedded in Epon 812 (MECALAB), according to standard
technique33. Ultrathin sections were obtained using a Reichert
Ultracut S ultramicrotome, and mounted on formvar-carbon
coated nickel grids (MECALAB). Sections were stained with uranyl
acetate and lead citrate and examination was performed with a
Philips CM 100 electron microscope.

Statistical analysis. The Gaussian distribution of the data was
analyzed using the Kolmogorov and Smirnov method (p . 0.05).
Statistical significance was evaluated with a two-tailed Paired t-test
for the quantification of the percentage of neurons presenting the
formation of LC3 positive structures, the increase of LC3-II analyzed
by western blotting, the analysis of cell viability and the amount of
LDH released in the culture medium. A one-way analysis of variance
(ANOVA) Kruskal-Wallis test followed by a Dunn’s multiple
comparison test was used to compare the increase of LDH between
the treatments. The ratio LDH in the medium of treated neurons/
LDH in the medium of control neurons was used for this analysis
since for leupeptin treated neurons, LDH was measured in complete
medium whereas for EBSS and EBSS 1 leupeptin treated neurons,
LDH was measured in EBSS. A two-tailed Paired t-test was used for
the analysis of the amount of tau secretion when the data presented a
Gaussian distribution and a Wilcoxon signed-rank test if the data did
not present a Gaussian distribution. A Wilcoxon signed-rank test
was used to analyze the changes of tau phosphorylation in treated
neurons since these data did not present a Gaussian distribution. The
statistical analysis was performed using the GraphPad InStat 3
software and p , 0.05 was considered significant. To compare the
effects of the three treatments on tau secretion, statistical significance
was evaluated with a two-way ANOVA with match values followed
by Tukey’s multiple comparison test. The ANOVA analysis was
performed using Prism 6.0c software.

Results
A significant increase of tau secretion by primary cortical neurons
upon starvation. In two recent studies, it was shown that
endogenous full-length tau could be secreted by primary cortical
neurons16,25. We examined tau secretion by these neurons after 7
days of plating and confirmed that tau was released in the medium
(Figure 1a). In the cell lysate, two main bands at 52 and 57 kDa were
detected with the anti-tau antibody A0024 from DAKO, a marker of
total tau. As previously reported, a single band located at 52 kDa was
detected in the medium by the antibody recognizing total tau when
tau was enriched from the culture medium by immunoprecipita-
tion25. To demonstrate that tau found in the medium was not
released by neuronal cell death, the trypan blue exclusion method
was used to monitor cell death. The percentage of the cell viability
was 99.7 6 0.108 in 6 independent cultures (p , 0.0001). This low
percentage of cell death indicated that tau found in the medium was
most likely released by a specific process of secretion as previously
shown25.

We then investigated whether tau secretion would be altered upon
insults. Neurons are very sensitive to nutrient deprivation, a con-
dition that can occur in neurodegenerative diseases including AD34.
In the present study, nutrient deprivation was induced by incubating
neurons in EBSS, a medium containing glucose but devoid of amino
acids and growth factors. EBSS is known to result in an extreme
induction of autophagy characterized by the accumulation of autop-
hagic vacuoles (AVs) in neurons35. Two approaches were used to
monitor the formation of AVs. Firstly, the production of LC3-II, a
phosphatidylethanolamine-modified isoform of LC3-I generated
and translocated to nascent autophagosomes when macroautophagy
is induced was examined in the cell lysate of treated neurons by
western blotting (Figure 2a)36. In EBSS treated neurons, the increase
of LC3-II was not statistically significant. A similar observation was
reported in a previous study performed in primary cortical neurons
under extreme induction of autophagy where the high turnover of
LC3-II prevented its accumulation35. Secondly, the accumulation of
AVs by EBSS was confirmed by using RFP-LC3, a marker of autop-
hagosomes, on fixed neurons30. As expected, the number of neurons
presenting AVs was significantly higher for neurons incubated in
EBSS than for control neurons (Figure 2b).

Interestingly, when neurons were incubated in EBSS, the pattern
of tau secretion differed from that of control neurons (Figure 1a). In
the culture medium of control neurons, only one tau-positive band
was detected with the antibody A0024 whereas in the medium of
treated neurons, three tau-positive bands were found, one at 52 kDa
also present in control neurons, and two additional bands, one at
57 kDa noted in the cell lysate and one at 47 kDa. The band at
52 kDa was the most abundant tau-positive band in the medium
of treated neurons. The band at 47 kDa indicated that secreted tau
was cleaved and/or dephosphorylated (see below). Furthermore, tau
secretion was increased ,5 times (p 5 0.014) by EBSS treatment
(Figure 1b). To eliminate the possibility that tau was released by cell
death in the medium of treated neurons, cell viability was evaluated
using the trypan blue exclusion method. The percentage of neurons
taking up trypan blue was evaluated to be less than 1% for both
control and treated neurons and was not significantly different
between these two groups (p 5 0.8733). The above observations
indicated that the increased release of tau could occur by a specific
process of secretion upon EBSS treatment.

A significant increase of tau secretion by primary cortical neurons
is observed when lysosomal function is inhibited. In several
neurodegenerative diseases including AD, lysosomal function has
been shown to be deficient. We verified if such a condition would
affect tau secretion by primary cortical neurons. Lysosomal function
was inhibited by leupeptin, an inhibitor of cysteine and aspartyl
proteases such as cathepsins found in lysosomes. The pattern of
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tau secretion upon leupeptin treatment was identical to that noted in
normal conditions as a single tau-positive band located at 52 kDa
was detected in the culture medium (Figure 1a). However, tau
secretion was increased ,2 times (p 5 0.03) by leupeptin
(Figure 1b). Neuronal cell death could not be responsible for the
increase of tau secretion as indicated by the percentage of cell
viability that was 99.77 6 0.04 and 99.52 6 0.08 for control and
treated neurons respectively (n 5 6).

Highest levels of tau secretion is observed when EBSS and leupep-
tin treatments are superimposed. In neurodegenerative diseases,
more than one insult can act on neurons. In the present study,
starvation and inhibition of the lysosomal function were super-
imposed by incubating neurons in EBSS and leupeptin (E 1 L) for
at least 3 hrs. In a previous study, this treatment was shown to result
in an accumulation of AVs35. In normal conditions, after their for-
mation, autophagosomes are rapidly eliminated by their fusion with
lysosomes32,37. Leupeptin prevents the elimination of autophago-
somes by inhibiting lysosomal function35. To monitor the efficacy
of our treatment, three approaches were used to visualize the
accumulation of AVs. Firstly, we analyzed the amount of LC3-II
by western blotting (Figure 2a). LC3-II was 2.81 6 0.51 times
higher in E 1 L treated neurons than in control neurons (p 5
0.017). Secondly, the accumulation of AVs was monitored by RFP-
LC3 (Figure 2c). The number of cells containing AVs was signi-
ficantly higher for treated neurons than control neurons. Thirdly,
the presence of AVs was confirmed by electron microscopy
(Figure 2d). The morphology of AVs was similar to that described
by Boland et al’0835.

Interestingly, the pattern of tau secretion by E 1 L treated neurons
was identical to that observed with EBSS treatment. Indeed, three
tau-positive bands at 47, 52 and 57 kDa were found in the medium
(Figure 1a). E 1 L treatment induced the most significant increase of
tau secretion by cortical neurons in comparison to either EBSS or
leupeptin alone as the amount of total tau was ,8 times (p 5 0.0002)
higher in the medium of E 1 L treated neurons than in the medium
of control neurons (Figure 1b). The amount of tau secreted by E 1 L
treated neurons was not significantly different from that of EBSS
treated neurons although it had the tendency to be higher.
Starvation and inhibition of lysosomal function seem to have addit-
ive effects on tau secretion since the amount of tau released upon
combination of these insults was very close to the sum of tau secre-
tion generated by these individual treatments. The percentage of
neurons taking up trypan blue was evaluated to be less than 1% for
both control and treated neurons and was not significantly different
between these two groups (p 5 0.083) indicating that tau was not
released by dying neurons in the medium of E 1 L treated neurons.
To eliminate the possibility that the increase of tau in the culture
medium was caused by cell damage induced by the treatments, we
measured the amount of lactate dehydrogenase (LDH) activity, a
marker of cell membrane integrity, in the culture medium38. The
LDH was increased ,1.22 (p 5 0.0124), 1.08 (p 5 0.0172) and
1.19 (p 5 0.0095) times in the medium of EBSS, leupeptin and E
1 L treated neurons, respectively, compared to the amount in the
medium of control neurons revealing that cell membrane integrity
was changed by our treatments (Figure 1c). This indicated that
changes of membrane permeabilization could be responsible for
the increased release of tau in the medium. However, the increase
of LDH in the culture medium was not statistically different between
the treatments (p 5 0.1453) whereas tau secretion was indicating that
changes in cell membrane integrity could not be the sole factor
contributing to the increased release of tau (Figure 1c).
Collectively, the above observations indicated that one pool of tau
could be released by changes of the cell membrane integrity and
another pool by a specific process of secretion.

In primary cortical neurons, we could confirm that E 1 L treat-
ment induced an accumulation of AVs. Since we observed an import-

Figure 1 | EBSS, leupeptin and EBSS 1 leupeptin increased the secretion
of endogenous tau by primary cortical neurons. (a) In normal conditions

(CTL), one tau-positive band at 52 kDa was detected in the culture

medium by an antibody revealing total tau (A0024). A similar pattern was

observed when neurons were treated with leupeptin (L). When neurons

were treated either with EBSS (E) or EBSS 1 leupeptin (E 1 L), three tau-

positive bands at 47, 52 and 57 kDa were detected in the culture medium.

In the cell lysate of control neurons, two tau-positive bands at 52 and

57 kDa were revealed by the anti-tau antibody A0024 (n 5 6). (b)

Quantification of total tau in culture medium by densitometry upon EBSS,

leupeptin and E 1 L treatments (n 5 6). The intensities of the bands were

expressed in arbitrary units. Values represent mean 6 s.e.m.; *p , 0.05;

**p , 0.01; ***p , 0.001. (c) Cell damage was evaluated by measuring the

amount of LDH released in the culture medium (n 5 6). Since control and

treated neurons were not incubated in the same medium, the amount of

LDH in the EBSS treatment was compared to that of EBSS without cell. The

amount of LDH in the leupeptin treatment was compared to that of

neurobasal medium without cell. The increase of LDH in the medium was

not statistically different (n.s) between the treatments. Values represent

mean 6 s.e.m.; *p , 0.05; **p , 0.01. Blots used in this figure were

cropped. Full-length blots were included in supplementary figure 1.
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Figure 2 | EBSS and E 1 L treatments induced AVs in primary cortical neurons. (a) LC3-II was analyzed by western blotting in the cell lysate prepared

from EBSS (E), leupeptin (L) and EBSS 1 leupeptin (E 1 L) treated neurons. The LC3-II levels were compared to those of actin. For the analysis of

LC3-II, 10 mg of cell lysate were loaded (n 5 6). Values represent mean 6 s.e.m.; *p , 0.05. (b) Control (CTL) and EBSS treated neurons were transfected

with RFP-LC3 to monitor the formation of AVs (arrows) (n 5 3). Scale bar 5 10 mm. The number of cells containing AVs in treated neurons was

significantly higher than in control neurons (n 5 3). Values represent mean 6 s.e.m.; *p , 0.05. (c) Control and E 1 L treated neurons were transfected

with RFP-LC3 to monitor the formation of AVs (arrows) (n 5 4). Scale bar 5 10 mm. The number of cells containing AVs in treated neurons was

significantly higher than in control neurons (n 5 4). Values represent mean 6 s.e.m.; **p , 0.01. (d) The formation of AVs in the cell body and neurites

of neurons was confirmed by electron microscopy (arrows). AVs contained electron-dense material. Scale bar 5 2 mm for left panel and 500 nm for

middle and right panels. Magnification 5 5800 3 for left panel and 25 000 3 for middle and right panels.
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ant increase of tau secretion upon the accumulation of AVs by E 1 L
treatment, one could speculate that these structures contributed to
the release of tau. Indeed, recent studies reported that autophago-
somes were involved in unconventional secretion39. To verify this
possibility, we examined whether tau was enriched in AVs in E 1

L treated neurons (Figure 3). AVs were visualized by transfecting
neurons with RFP-LC3 as described in Figure 2. In most control
neurons, RFP-LC3 presented a diffuse staining in the cell body and
neurites whereas tau was mainly enriched in the neurites as revealed
by the anti-tau antibody A0024 (Figure 3a). In E 1 L treated neurons,
several RFP-LC3 positive AVs were observed in the cell body and
neurites but no enrichment of tau was noted in these structures. As
illustrated in Figure 3b, tau staining was not concentrated in AVs in
the cell body. Tau staining was observed in axonal swellings contain-
ing AVs (Figure 3b, arrow). However, tau staining was not enriched
in the AVs. Similarly, no enrichment of tau staining was noted in
AVs formed in neurites (Figure 3c).

Dephosphorylated tau species were secreted by EBSS and E 1 L
treated neurons. The presence of a tau-positive band migrating at
47 kDa in the culture medium of EBSS and E 1 L treated neurons
indicated that these treatments might have induced dephosphoryla-
tion of secreted tau. To verify this point, we examined the pho-
sphorylation state of tau secreted by control and treated neurons
(Figure 4a). As previously reported, tau found in the medium of
control neurons was detected by the antibody Tau-1, an antibody
directed against unphosphorylated tau25. In the medium of neurons
treated with EBSS and E 1 L, the bands at 52 kDa and 47 kDa were
immunoreactive to the antibody Tau-1 but not the band at 57 kDa.
The low amount of this band could not account for its absence of
detection by Tau-1. Indeed, this antibody could detect the low
amount of tau present in the medium in normal conditions. The
amount of Tau-1-positive tau in the medium of E 1 L treated
neurons was ,9 times (p 5 0.0016) higher than in the medium of
control neurons (Figure 4b). The above results revealed that EBSS
and E 1 L treated neurons secreted two pools of tau, one Tau-1
positive and one Tau-1 negative. No increase of Tau-1 staining was
noted for tau secreted by neurons treated with leupeptin. Secreted tau
was not detectable with the phospho-tau antibodies (pS214, pT217
and pS422) indicating that its phosphorylation was very low (data
not shown).

Dephosphorylation of tau by EBSS and E 1 L treatment. We then
verified whether tau dephosphorylation by E 1 L treatment occurred
before it was secreted by examining its phosphorylation in the cell
lysate. Total tau staining revealed an important decrease of the band
at 57 kDa and the presence of an additional band at 47 kDa in the cell
lysate of treated neurons (Figure 4c). An additional weak band
located between 52 and 57 kDa was also noted. To verify if tau was
dephosphorylated in E 1 L treated neurons, the cell lysate was
stained with the Tau-1 antibody (Figure 4c). In control neurons,
this antibody mainly detected the band at 52 kDa whereas in
treated neurons, it strongly revealed the bands located at 52 kDa
and 47 kDa showing that tau found in these bands was impor-
tantly dephosphorylated. We then examined whether tau depho-
sphorylation was induced by either EBSS or leupeptin. In neurons
incubated in EBSS, the levels of tau dephosphorylation were very
similar to those noted in E 1 L treated neurons whereas no tau
dephosphorylation was observed upon leupeptin treatment as
revealed by the Tau-1 antibody staining (Figure 4c). It is inte-
resting to note that the band at 57 kDa that was barely detectable
in cell lysate was present in the culture medium of treated neurons
indicating that tau present in this band was importantly released by
treated neurons (Figures 1a and 4c).

We further characterized the pattern of tau dephosphorylation in
the lysate of E 1 L treated neurons since this treatment had the most
important effects on tau secretion. The bands positive to the Tau-1

antibody were less immunoreactive to the phospho-specific anti-tau
antibodies in treated neurons than in control neurons (Figure 5a).
Interestingly, the antibody detecting tau phosphorylated at T181 was
the sole phospho-specific anti-tau antibody that could detect the
band at 47 kDa (Figure 5a). No phospho-specific anti-tau antibody
could detect the band at 57 kDa in the cell lysate of treated neurons.
This could be explained by its low levels in the cell lysate. The signal
of the Tau-1 antibody was 3.75 6 0.54 times higher in the cell lysate
of E 1 L treated neurons than in the lysate of control neurons (p 5

0.0010) but the decrease of the phospho-tau antibodies was not
statistically different (Figure 5b).

The above results showed that E 1 L treatment resulted in tau
dephosphorylation. To further demonstrate that tau gel mobility
shift observed in E 1 L treated neurons was mainly caused by its
dephosphorylation, an in vitro dephosphorylation assay was used.
Cell lysates from control neurons were incubated with lambda
protein phosphatase. Then, the pattern of tau-positive bands was
analyzed by western blotting. As expected, when tau was depho-
sphorylated in the lysate of control cells, the pattern of tau-positive
bands was reminiscent to that observed in neurons treated with E 1

L indicating that dephosphorylation contributed to the increased gel
mobility of tau (Figure 5c). In contrast, when the cell lysate of treated
neurons was dephosphorylated in vitro, no further tau gel mobility
shift was noted indicating that tau was already dephosphorylated by
the E 1 L treatment (Figure 5c). From the above results, it appeared
that tau secretion was enhanced in conditions where its dephosphor-
ylation was increased. It remains to be determined whether depho-
sphorylation favors tau secretion by neurons.

Discussion
In the present study, we demonstrated that tau secretion by primary
cortical neurons is increased upon insults. Both starvation and
inhibition of lysosomal function resulted in an increased secretion
of tau. However, the most dramatic effect was noted when both
insults were superimposed. Interestingly, the pattern of tau secretion
varied depending on the insult. Upon leupeptin treatment only one
tau-positive band was released as noted for control neurons whereas
neurons treated with either EBSS or E 1 L secreted three tau-positive
bands. Furthermore, in all conditions tested, a pool of secreted tau
was dephosphorylated at the Tau-1 antibody epitope. All together,
our observations indicate that insults such as nutrient deprivation
and lysosomal dysfunction known to take place in neurodegenerative
diseases could increase tau secretion and thereby the propagation of
tau pathology in the brain.

The fact that the percentage of cell viability between control and
treated neurons was not statistically different indicated that tau was
not released in the culture medium by dying neurons upon insults.
However, we noted an increase of LDH in the culture medium reveal-
ing changes of cell membrane integrity in treated neurons. This
indicated that tau could be released by an increase of membrane
permeabilization38. Although we cannot rule out this possibility,
our data indicate that it would not be the sole mechanism responsible
for the increase of tau in the culture medium. Indeed, the increase of
LDH in the culture medium was not statistically different between
the treatments indicating that changes of cell membrane integrity
were similar in all the treatments. On the other hand, the increase of
tau secretion between E 1 L and leupeptin and EBSS and leupeptin
was statistically different. Based on the above data, we concluded that
tau could be released by both changes of membrane permeabilization
and a specific process of secretion when neurons were treated with
EBSS and E 1 L. According to a recent study, the release of LDH
could be secondary to the extracellular accumulation of tau38. In this
study, it was shown that extracellular tau oligomers can form pores
allowing LDH to escape from the cytoplasm to the medium. If LDH
was released in the medium by tau-induced pores in our experi-
mental conditions, it would signify that tau was primarily released

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 5715 | DOI: 10.1038/srep05715 6



Figure 3 | Tau was not enriched in AVs found in E 1 L treated neurons. Control and E 1 L treated neurons transfected with RFP-LC3 were fixed

and stained with an antibody directed against total tau (Green). (a) Control neurons transfected with RFP-LC3. (b) Presence of several AVs in the cell

body of E 1 L treated neurons as revealed by RFP-LC3. No enrichment of tau was noted in RFP-LC3-positive structures in the cell body and neurites

(arrow) of E 1 L treated neurons (n 5 7). (c) Tau staining was not enriched in a RFP-LC3-positive structure (arrow) found in a neurite of E 1 L treated

neurons. Scale bar 5 10 mm.
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in the medium by a specific secretory process. This possibility
remains to be demonstrated since we were not successful in dem-
onstrating that tau released by treated neurons was oligomeric (data
not shown).

Starvation exerted a dramatic effect on tau secretion by primary
cortical neurons. This could signify that tau is secreted by membran-
ous structures that are present and accumulate in this condition.
During starvation, there is an extreme induction of autophagy char-
acterized by the accumulation of AVs32. Autophagosomes were
shown to participate in unconventional secretion39. In the present
experimental conditions, AVs might not contribute to the increase of
tau secretion since tau was not enriched in these structures. The
increase of tau secretion by E 1 L treatment was higher than that
induced by starvation alone although the difference between these

two treatments was not statistically significant. The main difference
between EBSS and E 1 L treatments is that in EBSS but not in E 1 L
treated neurons, the autophagic flux was complete. Indeed, in a
previous study, it was reported that when neurons were treated with
EBSS and leupeptin, AVs were filled with material whereas upon
treatment with EBSS alone, neurons presented empty AVs as
expected after their fusion with functional lysosomes35. The present
results indicate that complete autophagic flux is not necessary to
induce a significant increase of tau secretion by starved neurons.
The fact that tau was not enriched in AVs and that the inhibition
of autophagic flux did have a major impact of tau secretion could
indicate that the increase of tau release by EBSS and E 1 L treated
neurons was not linked to the induction of autophagy but rather to
starvation per se. For example, important alterations of signaling and

Figure 4 | Significant increased secretion of dephosphorylated tau by EBSS and E 1 L treatments. (a) In the culture medium of control neurons (CTL)

and leupeptin treated neurons (L), only one tau-positive band at 52 kDa was detected with the Tau-1 antibody. In the medium of EBSS (E) and E 1 L

treated neurons, the bands at 47 and 52 kDa but not the one at 57 kDa were detected with this antibody (n 5 6). (b) Quantification by densitometry of tau

dephosphorylated at the Tau-1 antibody epitope in culture medium of control and E 1 L treated neurons (n 5 11). The intensities of the bands were

expressed in arbitrary units. Values represent mean 6 s.e.m.; **p , 0.01 (c) In the cell lysate of EBSS and E 1 L treated neurons, an important decrease of

the band at 57 kDa and the apparition of a band at 47 kDa were revealed by the antibody A0024 (n 5 13). An additional weak band was also observed

between 52 and 57 kDa. In the cell lysate of EBSS and E 1 L treated neurons, the bands at 52 and 47 kDa were highly immunoreactive to the Tau-1

antibody whereas only the band at 52 kDa was detected in the cell lysate of control and leupeptin treated neurons (n 5 11). Blots used in this figure were

cropped. Full-length blots were included in supplementary figure 2. A higher exposure time of panel (a) was included in supplementary figure 3 for better

detection of tau signal in the medium of control neurons.
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membrane trafficking are observed in starved cells. These changes
could enhance the interaction of tau with proteins and/or membran-
ous structures involved in its secretion.

The inhibition of lysosomal function by leupeptin resulted in a
modest increase of tau secretion. Lysosomes were shown to be able to
fuse with the plasma membrane to release their content in the extra-
cellular space40. It is known that tau can be degraded in lysosomes41,42.
Therefore, it is possible that inhibition of cathepsins by leupeptin
resulted in less degradation of tau and this would in turn increase the
amount of tau that could be released by lysosome exocytosis. An
endo-lysosomal secretory pathway has also been reported where
lysosomes fuse with endosomes before their fusion with the plasma
membrane43. In such a case, extracellular tau that has been endocy-
tosed could be found in lysosomes after their fusion with tau-con-
taining endosomes. The highest levels of tau secretion were observed
when both starvation and inhibition of lysosomal function were
superimposed. These two conditions seem to act in parallel to
increase tau secretion since the amount of tau released by E 1 L
treated neurons was very close to that obtained when the amounts
of each treatment were added. All together, our results indicate that
tau can be released by several pathways, which by acting in parallel,
can result in an important increase of tau secretion in pathological
conditions.

Upon starvation, three tau-positive bands were noted in the cul-
ture medium. The release of different tau species by this treatment
could indicate that more than one secretory pathways are involved in
tau secretion in this condition. Tau seems to be secreted by uncon-
ventional secretory pathways as noted for other proteins involved in
neurodegenerative diseases12,14,18,26,27. Several unconventional secret-
ory pathways exist and therefore different tau species might have
access to distinct pathways8. Furthermore, several studies including
ours have reported that two pools of tau, a cytosolic and membran-
ous one are present in neurons44–47. Each of these pools could have
access to different secretory pathways in starved neurons. The tau

species released upon starvation differed by their phosphorylation
state. Phosphorylation of tau was shown to regulate its association
with the membranes. In a recent study, it was reported that depho-
sphorylated tau was associated with the plasma membrane46. In our
previous study, we showed that hyperphosphorylated tau and tau
dephosphorylated at the epitope of Tau-1 were not found in the same
membranous subfractions in AD brain45. Hyperphosphorylated and
dephosphorylated tau at the Tau-1 epitope were found in the sub-
fraction enriched in ER membranes and in the Golgi membranes
respectively. The differential association of hyperphosphorylated
and hypophosphorylated tau with membranes could give them
access to distinct secretory pathways more or less efficient in releas-
ing tau.

Upon starvation, tau dephosphorylation most likely occurred
before secretion since in the cell lysate, we noted an important
decrease of tau phosphorylation at several sites accompanied by an
increased immunoreactivity of tau to the Tau-1 antibody. The
dephosphorylation of tau by starvation was unexpected. However,
this phenomenon is not unique to this pathology since other insults
were reported to induce a decrease of tau phosphorylation. Oxidative
stress induced by hydrogen peroxide treatment caused a depho-
sphorylation of tau in primary cortical neurons48. Excitotoxicity
induced by homocysteine that activates both glutamate receptors
and phosphatase 2A resulted in tau dephosphorylation in cerebellar
granule cells49. Other insults such as hypoxia and glucose deprivation
were also reported to induce a decrease of tau phosphorylation in
both rat and human brain slices50. Dephosphorylation of tau was also
reported in vivo during ischemia in both brain and spinal cord51–53.
Interestingly, our previous study revealed that at an advanced stage
of AD, both hyperphosphorylated and hypophosphorylated tau are
present45. A pool of dephosphorylated tau at the epitope recognized
by the Tau-1 antibody was also observed by another group in AD
brain54. Collectively the above observations indicate that some of the
above insults could be responsible for the generation of hypopho-

Figure 5 | Dephosphorylation of tau by E 1 L treatment. (a) The bands positive to tau-1 antibody were less immunoreactive to the phospho-tau

antibodies in the cell lysate of E 1 L treated neurons (n 5 3) (b) Quantification of tau detected by Tau-1 and phospho-specific tau antibodies in the cell

lysate of E 1 L treated and control neurons. Values represent mean 6 s.e.m.; ***p , 0.001. (c) Incubation of the cell lysates from control neurons with

lambda (l) protein phosphatase resulted in an increase of tau gel mobility reminiscent to that observed in E 1 L treated neurons. No further increase of

tau gel mobility was observed when the cell lysate of E 1 L treated neurons was incubated withl protein phosphatase (n 5 3). Blots used in this figure were

cropped. Full-length blots were included in supplementary figure 2.
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sphorylated tau whereas other insults such as the accumulation of Ab
could be responsible for the increase of hyperphosphorylated tau in
AD brain55–58. In normal conditions, it is still unclear whether tau was
dephosphorylated before secretion. A dephosphorylated pool of tau
at the Tau-1 antibody epitope was detected in the cell lysate prepared
from control neurons and therefore it is possible that this pool was
secreted. On the other hand, phosphatases located along tau secret-
ory pathway could contribute to tau dephosphorylation. For
example, the phosphatase tissue non-specific alkaline phosphatases
(TNAP) present in the plasma membrane were shown to be respons-
ible for the dephosphorylation of extracellular tau59. Upon starvation,
a tau-positive band located at 57 kDa was observed in the medium.
Interestingly, this band was not immunoreactive to the Tau-1 anti-
body showing that tau contained in this band was not significantly
dephosphorylated at this epitope. Our results demonstrated that
both phosphorylated and hypophosphorylated tau can be released
by primary cortical neurons but the amount of each of these pools of
tau varied depending on the insult and thereby could be used as an
indication of neuronal injury.

In two recent studies, it was reported that in physiological condi-
tions, tau secreted by primary cortical neurons was dephosphory-
lated at the Tau-1 epitope16,25. In all conditions that were tested in the
present study, a pool of secreted tau was dephosphorylated at the
Tau-1 antibody epitope. All Tau-1 positive bands detected in the cell
lysate were found in the medium in both control and treated neurons.
It remains to be determined whether dephosphorylated tau was pref-
erentially secreted by primary cortical neurons. Upon starvation, the
proportion of the bands at 52 and 47 kDa was similar in both the cell
lysate and medium indicating that the most dephosphorylated tau
species were not more secreted than the less dephosphorylated ones.
The fact that hypophosphorylated tau was secreted by control and
treated neurons could indicate that mechanisms are present by these
cells to eliminate toxic proteins, their secretion being one of them.
Indeed, intracellular hypophosphorylated tau was reported to induce
apoptosis when it was overexpressed in non-neuronal cells60. Hypo-
phosphorylated tau was also shown to be toxic in Drosophila61. In
this model, the toxicity of hypophosphorylated tau was correlated to
the impairment of axonal transport. Interestingly, extracellular
hypophosphorylated tau was also shown to be toxic. In a previous
study, extracellular hypophosphoryated tau was reported to induce a
sustained increase of intracellular calcium by the activation of the
muscarinic M1 and M3 receptors leading to cell death59,62. The pre-
sent study indicates that upon insults, the increased release of hypo-
phosphorylated tau could benefit to neurons to prevent apoptosis.
On the other hand, this release could compromise neuronal survival
by its extracellular toxicity.

It remains unclear whether phosphorylation regulates tau secre-
tion since both phosphorylated and unphosphorylated tau species
were detected extracellularly. In Hela cells, we reported that a tau
mutant mimicking phosphorylation was more secreted than one
mimicking dephosphorylation12. Tau secreted by exosomes was
shown to be phosphorylated at several sites found in AD18. In normal
conditions, primary cortical neurons were shown to release unpho-
sphorylated tau25. However, in the present study, we report that
several tau species were secreted some phosphorylated and other
unphosphorylated by cortical neurons upon insults. Collectively,
the above observations indicate that phosphorylation per se might
not be the determinant factor regulating tau secretion but rather the
cellular context which influences both tau phosphorylation and tau
access to secretory pathways.

Tau secretory pathways in primary cortical neurons remain to be
identified. However, our data showed that this cellular system is
suitable to examine these pathways in physiological conditions and
upon insults. The distinct pattern of secreted tau species by insults
and the additive effects of these insults on tau secretion when they are
combined indicate that tau might be secreted by several pathways as

noted for other proteins involved in neurodegenerative diseases63–66.
It is still unknown whether the different tau species that are released
exert distinct toxic effects and/or whether they contribute distinctly
to the propagation of tau pathology in the brain. It is crucial to
unravel the distinct contribution of tau species to these events to
develop therapeutic strategies to prevent neuronal dysfunction and
to abrogate the spreading of tau pathology in AD brain.
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