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In Alzheimer’s disease (AD), tau, a microtubule-associated
protein (MAP), becomes hyperphosphorylated, aggregates, and
accumulates in the somato-dendritic compartment of neurons.
In parallel to its intracellular accumulation in AD, tau is also
released in the extracellular space, as revealed by its increased
presence in cerebrospinal fluid (CSF). Consistent with this,
recent studies, including ours, have reported that neurons
secrete tau, and several therapeutic strategies aim to prevent the
intracellular tau accumulation. Previously, we reported that late
endosomes were implicated in tau secretion. Here, we explore
the possibility of preventing intracellular tau accumulation
by increasing tau secretion. Using neuronal models, we in-
vestigated whether overexpression of the vesicle-associated
membrane protein 8 (VAMP8), an R-SNARE found on late
endosomes, could increase tau secretion. The overexpression of
VAMP8 significantly increased tau secretion, decreasing its in-
tracellular levels in the neuroblastoma (N2a) cell line. Increased
tau secretion by VAMP8 was also observed in murine hippo-
campal slices. The intracellular reduction of tau by VAMP8
overexpression correlated to a decrease of acetylated tubulin
induced by tau overexpression in N2a cells. VAMP8 staining
was preferentially found on late endosomes in N2a cells. Using
total internal reflection fluorescence (TIRF) microscopy, the
fusion of VAMP8-positive vesicles with the plasma membrane
was correlated to the depletion of tau in the cytoplasm. Finally,
overexpression of VAMP8 reduced the intracellular accumula-
tion of taumutants linked to frontotemporal dementia with par-
kinsonism and a-synuclein by increasing their secretion.
Collectively, the present data indicate that VAMP8 could be
used to increase tau and a-synuclein clearance to prevent their
intracellular accumulation.

In AD, tau, a neuronal MAP enriched in the axon, becomes
hyperphosphorylated, accumulates in the somato-dendritic
compartment, and self-aggregates into insoluble filaments
called paired helical filaments that form neurofibrillary tangles
(1–5). Both histopathological examination of postmortem
brain and PET imaging of tau pathology demonstrate a correla-
tion to cognitive deficits in patients (6–12). The importance of
tau dysfunction in neurodegeneration is further evidenced by
the enrichment of tau genetic variants in patients suffering

from Fronto-temporal lobar degeneration (FTLD) (5). FTLD
represents 5–15% of all dementia and includes frontotemporal
dementia with parkinsonism linked to chromosome 17 (FTDP-
17) (5, 13–15). Over 50 mutations in the tau gene are responsi-
ble for 10–20% of FTDP-17 familial cases (15–18). Although no
mutations in the tau gene have been found in AD patients, tau
gene polymorphisms may be risk factors for AD and sporadic
FTLD (19). A duplication of the tau gene was recently corre-
lated to early-onset dementia with an AD clinical phenotype
(20). Despite all these links, the precise role of tau in neurode-
generation remains obscure and no therapeutic strategy is
available to prevent tau pathology.
In parallel to its intracellular accumulation, tau was also

shown to accumulate in the extracellular space in AD. The
presence of extracellular tau was revealed by its accumulation
in the CSF during the progression of the disease, which was
believed to correlate with neuronal cell death (21). More
recently, the presence of tau in the interstitial fluid in the ab-
sence of neurodegeneration was demonstrated bymicrodialysis
in tau transgenic mouse brain showing that tau was released by
neurons in vivo (22). Neuronal activity was shown to increase
tau release by neurons both in vitro and in vivo (23, 24). Fur-
thermore, we reported that the induction of autophagy and/or
lysosomal dysfunction increased the release of tau by primary
cortical neurons (25).
Collectively, the above studies revealed that tau can be

secreted by neurons. Tau secretion seems to occur in both
physiological and pathological conditions. Indeed, tau is found
in the CSF of control individuals but at lower levels than in AD
indicating that extracellular tau could have a physiological role
(26). This was noted for other cytosolic proteins such as
annexin A4 and A5 that act as anticoagulant factors in the
extracellular space (27). In pathological conditions, recent stud-
ies indicate that secretion of aggregated tau could be involved
in cell-to-cell transmission of tau pathology in the brain (28–
30). Furthermore, extracellular tau aggregates were shown to
alter the protein composition of synapses and their function
(31). On the other hand, secretion of aggregated proteins could
act as a clearance mechanism to prevent their intracellular
accumulation. This possibility was demonstrated for TDP-43
and a-synuclein (28, 32). Based on the above studies, one can
conclude that the increase of tau secretion could be beneficial
to neurons for three reasons: (a) if the secretion of neuropro-
tective species could be specifically increased; (b) if the
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secretion of intracellular toxic tau species could be increased to
prevent their accumulation; and (c) if the increase of tau secre-
tion would become ameans tomakemore accessible to a thera-
peutic agent intracellular tau species involved in tau-mediated
neurodegeneration. Indeed, extracellular tau is presently a ther-
apeutic target in several clinical trials where an anti-tau anti-
body is used to sequester its toxic species (33). The increase of
tau secretion combined with the capture of extracellular toxic
tau species by an antibody could be an efficient approach to
prevent the intracellular accumulation of these species and
their propagation in the brain.
The secretory pathway of pathological tau is still largely

unknown, limiting the capacity of modulating it and unequivo-
cally demonstrate its contribution to tau clearance. The secre-
tion of tau occurs through unconventional secretory pathways,
which involve structures such as late endosomes, autophago-
somes, and lysosomes, membranous organelles that can fuse
with the plasma membrane to release their content (31). We
recently reported that Rab7A associated with late endosomes
participates in tau secretion (34). In the present study, we
examined whether tau secretion could be increased by overex-
pression of VAMP8, an R-SNARE associated with late endo-
somes (35–37). Our results demonstrate that overexpression of
VAMP8 increased WT and mutated human tau secretion
resulting in a decrease of their intracellular accumulation. The
increase of acetylated tubulin resulting from tau overexpression
was significantly reduced upon tau secretion by VAMP8.
VAMP8-positive vesicles preferentially associated with late
endosomes could fuse with the plasma membrane as revealed
by TIRF microscopy. Tau secreted upon VAMP8 overexpres-
sion was dephosphorylated and cleaved at the C-terminal. Last,
VAMP8 overexpression could also reduce the intracellular lev-
els and increased the extracellular levels of a-synuclein. Alto-
gether, the above observations indicate that VAMP8 could be
used to prevent the intracellular accumulation of proteins
linked to neurodegenerative diseases.

Results

Increase of tau secretion and decrease of intracellular tau
upon overexpression of VAMP8

In a previous study, we reported that late endosomes partici-
pated in tau secretion in both nonneuronal and neuronal cells
(34). The R-SNARE VAMP8 is found on late endosomes and is
involved in exocytosis (35–41). We therefore examined
whether overexpression of VAMP8 could increase tau secre-
tion. Overexpression of VAMP8 and tau in the N2a cells
resulted in a reduction of tau in the cell lysate and an increase
of tau in the culture medium compared with tau overexpres-
sion alone (Fig. 1A). Quantification of tau signal revealed that
tau protein levels were significantly decreased in the cell lysate
and significantly increased in the culture medium (Fig. 1, B and
C). Similar results were obtained when the amount of tau in the
cell lysate and medium was measured using the MSD MULTI-
SPOT phospho(Thr-231)/total tau kit (Fig. 1,D and E). In some
experiments, intracellular tau protein levels in cells overex-
pressing VAMP8 were as low as half of those of tau overexpres-
sion alone. The amount of lactate dehydrogenase (LDH), a bio-

marker of cellular cytotoxicity and cytolysis, was measured in
the medium to make sure that the overexpression of VAMP8
did not alter the neuronal plasmamembrane integrity and neu-
ronal survival (Fig. 1F). The low protein levels of endogenous
VAMP8 in N2a cells prevented us from examining its contribu-
tion to the basal tau secretion upon tau overexpression. As
illustrated in Fig. S1, the detection of VAMP8 in N2a cells by
Western blotting was only possible when it was overexpressed.
We then examined whether VAMP8 would exert the same
effect on overexpressed tau in hippocampal slices prepared
from P4–P5 mice. After 48 h in culture, hippocampal slices
were transduced either with a lentivirus encoding GFP, a bicis-
tronic lentivirus encoding VAMP8 and GFP, a bicistronic lenti-
virus encoding tau and DsRed, and the lentivirus encoding GFP
or with the bicistronic lentivirus encoding tau and the one
encoding VAMP8. The expression of tau in the slices was con-
firmed by the detection of DsRed (Fig. S2). The amount of tau
in the culture medium was measured using the MSD MULTI-
SPOT mouse total tau assay as described (34, 42). The amount
of tau released in the medium in control before conditions and
VAMP8 overexpression alone was similar indicating that
VAMP8 did not increase the secretion of endogenous tau (Fig.
1G). As noted in N2a cells, the secretion of overexpressed tau
was increased upon VAMP8 overexpression in hippocampal
slices compared with tau overexpression alone (Fig. 1, G and
H). The amount of LDHwasmeasured in themedium of hippo-
campal slices to confirm that the lentivirus infection did not al-
ter the neuronal plasma membrane integrity and neuronal sur-
vival (Fig. 1I).
Collectively, the above results indicated that VAMP8 en-

hanced tau secretion resulting in its decrease in the cell
lysate. To confirm that it was the case, we verified whether the
decrease of tau in the cell lysate was not caused by a decrease of
its expression. Tau expression was measured by quantitative
PCR revealing that it was not significantly decreased upon over-
expression of VAMP8 (Fig. S3). A decrease of intracellular tau
could also result from an increase of its degradation. To test
this, N2a cells overexpressing either tau alone or tau and
VAMP8 were treated either with bafilomycin or chloroquine to
block autophagy, a degradative pathway known to contribute
to tau degradation (43). Upon these treatments, no increase of
tau in the cell lysate was noted indicating that the decrease of
tau in the cell lysate was not caused by an increase of its degra-
dation when VAMP8 was overexpressed (Fig. 2, A–D). The
increase of LC3II in the cell lysate was noted when cells were
treated either with chloroquine or bafilomycin indicating that
these drugs were effective in blocking autophagy (Fig. 2, E and
F). Tau can also be degraded by the proteasome (43). An inhibi-
tion of the proteasome activity byMG132 treatment was tested
to verify if it increased the amount of tau in the lysate in cells
overexpressing tau and VAMP8. No increase of tau was noted
in the cell lysate in MG132-treated cells (Fig. 2, G and H). The
efficacy of MG132 in blocking the proteasome was confirmed
by the increase of the amount of ubiquitinated proteins in the
cell lysate (Fig. 2I). Collectively, the above results confirmed
that the intracellular decrease of tau resulted from an increase
of its secretion rather than by an increase of its degradation
upon VAMP8 overexpression.
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Tau secretion by VAMP8 reduces the increase of acetylated
tubulin upon its overexpression

We examined whether the increase of tau secretion and its
decrease in the cell lysate by the overexpression of VAMP8
were sufficient to reverse alterations induced by the overex-
pression of tau. In N2a cells, tau overexpression was accompa-
nied by an increase of acetylated tubulin indicating that micro-
tubules were more stable upon tau binding as previously
reported by others (Fig. 3A) (44, 45). This increase of acetylated
tubulin was significantly reduced when tau secretion was
induced by the overexpression of VAMP8 (Fig. 3B). From the
above observations, one can conclude that the increase of tau
secretion by VAMP8 is sufficient to reverse alterations induced
by tau accumulation.

Visualization of the fusion of VAMP8-positive vesicles with
the plasma membrane by TIRF microscopy

GFP-tau and RFP-VAMP8 were co-expressed in N2a cells to
examine their co-localization. Thirty minutes before fixing the
cells, the medium containing tau was removed and replaced
by fresh medium as a means to stimulate tau secretion that
reaches a plateau over 24-48 h (46). VAMP8 was found in
vesicles that were located at the cell center and at the periphery
close to the plasma membrane (Fig. 4A). Surprisingly, for sev-

eral VAMP8-positive vesicles, a black area corresponding to
the size of the vesicle was found in tau labeling revealing that
no tau was present in this area (Fig. 4A). We then explored
whether this depletion of tau in the cytoplasmwas correlated to
its secretion by VAMP8-positive vesicles. Tau secretion by
VAMP8-positive vesicles would involve their fusion with the
plasma membrane. To demonstrate this, (TIRF) microscopy on
live cells allowing the detection of vesicle fusion with the
plasma membrane was employed. Indeed, this microscopy
allows the visualization of a fluorescent signal at the contact
area between a cell and a glass coverslip where the fusion of
vesicle with the plasma membrane can be detected. A sudden
reduction of the fluorescence indicates that a fusion event had
happened. This reduction has to occur in 500 ms for corre-
sponding to a fusion event (40). Using TIRF microscopy,
VAMP8-positive vesicles were found at the contact area
between the plasma membrane of the cell and the coverslips
where the fusion event can be observed (Fig. 4B). A sudden
reduction of VAMP8 signal occurred in 500 ms indicating that
the VAMP8-positive vesicle had fused with the plasma mem-
brane. The sudden reduction of fluorescence is caused by the
dispersion of the fluorescent signal upon the event fusion. After
this event of fusion, a decrease of tau labeling was noted in the
area where the VAMP8 signal disappeared indicating that tau
was secreted (Fig. 4C). For some VAMP8-positive vesicles, the

Figure 1. Overexpression of VAMP8 results in a decrease of intracellular tau and an increase of extracellular tau.N2a cells were transfected either with
Flag-4R-TAU and EGFP-empty plasmids or Flag-4R-TAU and GFP-VAMP8 plasmids for 48 h. A, representative Western blotting with the antibody A0024 of the
cell lysate and themedium revealing that the overexpression of VAMP8 decreased intracellular tau (InTau) and increased extracellular tau (ExTau). B, densitom-
etry analysis of the A0024 signal of InTau. Actin was used as a loading reference. C, densitometry analysis of the A0024 signal of ExTau. Normalized tau secre-
tion corresponds to the ratio ExTau/InTau. InTau was normalized with the actin signal; n = 10. D, the amount of InTau (ng/ml) was measured using MSD
MULTI-SPOT. E, the amount of ExTau wasmeasured usingMSDMULTI-SPOT and normalized with InTau. F, quantification of the levels of LDH in themedium of
N2a cells; n = 3. G, hippocampal slices were prepared from P4-P5 mice. After 5 days in culture, hippocampal slices were transduced either with a lentivirus
encoding GFP (control), a bicistronic lentivirus encoding VAMP8 and GFP (VAMP8), a bicistronic lentivirus encoding Tau and DsRed (Tau), or with the lentivirus
encoding Tau and the one encoding VAMP8 (Tau1 VAMP8). The amount of tau in the culture medium (ng/ml) was measured using MSD MULTI-SPOT mouse
total Tau assay. H, quantification of tau in the medium of hippocampal slices. The amount of ExTau in the medium of slices overexpressing VAMP8, Tau, or
VAMP8 and Tau was normalized to that of ExTau in control medium (GFP); n = 3. I, quantification of the levels of LDH in the medium of hippocampal slices; n =
3. Data represent scatter plot andmean6 S.E. Each dot corresponds to a n. *, p, 0.05; **, p, 0.01; and ***, p, 0.001.
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reduction of fluorescence occurred over a period longer than
500 ms, indicating that these vesicles moved out of the field
without any fusion event with the plasmamembrane (Fig. S4A).
When a vesicle moved out of the field without any fusion with
the plasmamembrane, no decrease of tau labeling was observed
in the area where the vesicle was observed (Fig. S4A). The label-
ing of tau in the vicinity of the plasmamembrane was visualized
by TIRF. Two pools of tau, one pool attached to microtubules
and one free pool found in the cytoplasm, were observed as
expected when tau is overexpressed (Fig. S4B). From the above
observations, one could conclude that tau was secreted by the
fusion of VAMP8-vesicles with the plasmamembrane.

VAMP8-positive vesicles preferentially co-localize with Rabs
found on late endosomes
N2a cells were co-transfected with VAMP8, tau, and a Rab

GTPase, markers of different endosomal compartments, to
determine in which endocytotic compartment VAMP8 was
localized (47). Very limited co-localization was observed with
Rab5, a marker of the early endosomes (data not shown), and
with Rab11, a marker of the recycling endosomes where
VAMP8 was reported in a previous study (Fig. 5, A and B) (40,
47). A partial co-localization of VAMP8 was noted with Rab7A,
a marker of late endosomes (Fig. 5, A and B) (48). The most
significant co-localization was observed with Rab9, a Rab that

Figure 2. The decrease of intracellular tau upon VAMP8 overexpression is not caused by its degradation but rather by its secretion.N2a cells overex-
pressing either Flag-4R-TAU and EGFP-empty plasmids or Flag-4R-TAU and GFP-VAMP8 plasmids were treated either with bafilomycin (BAF) or chloroquine
(CLO) to block autophagy andMG132 to inhibit the proteasome. A and B, Western blotting analysis with the antibody A0024 of the cell lysate revealed that no
increase of InTau was noted when the cells were treated either with BAF or CLO. C andD, densitometry analysis of the A0024 signal of InTau in cells treated ei-
ther with BAF (DMSO as control) or CLO (PBS as control). E and F, densitometry analysis of the LC3II signal in cells treated either with BAF or CLO. The efficacy
of BAF and CLO was demonstrated by an increase of LC3II in the cell lysate compared with control conditions (red bar). G,Western blotting analysis with the
antibody A0024 of the cell lysate revealed that no increase of InTau was noted when the cells were treated with MG132. H, densitometry analysis of A0024 sig-
nal of InTau in cells treated either with MG132 or DMSO (control). I, densitometry analysis of ubiquitin signal in cells treated either with MG132 or DMSO. The
efficacy of MG132 was shown by an increase of ubiquitin staining compared with the control condition (red bar). Black frames were used to mark the splice
sites of immunoblot images. Data represent scatter plot andmean6 S.E., minimum n = 3. Each dot corresponds to a n. *, p, 0.05; **, p, 0.01.
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enters the endosomal pathway at the Rab5-to-Rab7A transition
(Fig. 5, A and B) (49). Interestingly, Rab7A- and Rab9-positive
vesicles often presented a doughnut shape where VAMP8
staining was concentrated at the center of the doughnut
(Fig. 5A).

Characterization of tau phosphorylation upon VAMP8
overexpression

We and others reported that secreted tau presented low
levels of phosphorylation and was cleaved at the C-terminal
(34, 42, 50–52). These modifications were examined for intra-
cellular and extracellular tau upon the overexpression of
VAMP8 using the antibody Tau-46 nonreactive to tau cleaved
at the C-terminal, the antibody Tau-1 recognizing dephosphor-
ylated tau at the epitope 195-202, an antibody recognizing tau
phosphorylated at Ser-199/Ser-202 and the antibody AT180
directed against tau phosphorylated at Thr-231/Ser-235. Mes-
oscale was used to detect tau phosphorylation at Thr-231 (53,
54). Total tau in the cell lysate and medium was revealed using
the antibody A0024 (Fig. 6A). Tau found in the cell lysate was
reactive to the antibody Tau-46, whereas tau in the medium
could not be detected by this antibody revealing that tau
secreted upon the overexpression of VAMP8 was cleaved at
the C-terminal as noted for tau overexpression alone (Fig. 6B).
In N2a cells overexpressing VAMP8, intracellular tau was not
dephosphorylated more at the epitope recognized by the Tau-
1 antibody than in cells overexpressing tau alone as revealed by

no change of the Tau-1/total tau ratio (Fig. 6, C and D). This
was consistent with no change of tau phosphorylation at Ser-
199/Ser-202, two sites comprised in the epitope of the Tau-1
antibody (Fig. 6, E and F). However, intracellular tau was sig-
nificantly less phosphorylated at Thr-231/Ser-235 as revealed
by the AT180/total tau ratio (Fig. 6, E andG). The phosphoryl-
ation levels of extracellular tau were also affected by VAMP8
overexpression. Upon the overexpression of VAMP8, extracel-
lular tau secreted presented a higher Tau-1/total tau ratio than
tau overexpression alone (Fig. 6, H and I). This indicated that
secreted tau was more dephosphorylated upon VAMP8 over-
expression. Consistent with this, a decrease of the antibody
AT180 signal was noted in themedium (Fig. 6, J andK). No sig-
nal was detected with the antibody directed against tau phos-
phorylated at Ser-199/Ser-202 in the medium. The MSD
MULTI-SPOT phospho(Thr-231)/total tau kit was used to
examine intracellular and extracellular Thr-231 phosphoryla-
tion (Fig. 6, L and M). The phosphorylation of Thr-231 was
decreased in the cell lysate but was not altered in the medium
when VAMP8 was overexpressed. The fact that the phosphor-
ylation at Thr-231/Ser-235 was decreased in the cell lysate of
cells co-overexpressing tau and VAMP8 prompted us to exam-
ine whether phosphorylation was a determinant factor in tau
secretion upon VAMP8 overexpression. To test this, a mutant
either mimicking phosphorylation of tau or not phosphoryl-
able at 12 sites known to be phosphorylated in AD including
Thr-231 and Ser-235 were overexpressed with VAMP8 in N2a
cells (Fig. 6, N–P). Both mutants were more secreted when
VAMP8 was overexpressed as noted for WT tau indicating
that phosphorylation at these sites did not regulate tau secre-
tion by VAMP8 (Fig. 6P). Last, we examined whether tau
secreted upon VAMP8 overexpression was more oligomeric
and presented more conformational changes than tau secreted
by tau overexpression alone (Fig. S5). No changes were
observed with the antibody T22 recognizing oligomeric tau
and the antibody MC1 directed against tau presenting confor-
mational changes (55, 56). Collectively, the above results
revealed that secreted tau upon the overexpression of VAMP8
presented modifications similar to those of tau secreted upon
tau overexpression alone.

Secretion of tau mutants linked to FTDP and a-synuclein is
increased by VAMP8

We examined whether VAMP8 was efficient in secreting tau
mutants linked to FTDP as it was forWT tau (57). The co-over-
expression of VAMP8 either with tau mutant P301L or R406W
resulted in their decrease in the cell lysate and their increase in
the culture medium, although VAMP8 protein levels were
lower in tau mutants expressing cells than in WT tau express-
ing cells (Fig. 7,A–C).
We also tested whether VAMP8 could induce the secretion

of other proteins involved in neurodegenerative diseases and
known to be secreted by neurons. The overexpression of
VAMP8 on the secretion of a-synuclein, a protein involved in
Parkinson’s disease, was tested (58, 59). As noted for tau, the
intracellular protein levels of a-synuclein were decreased
upon the overexpression of VAMP8 (Fig. 7, D and E). This

Figure 3. The decrease of intracellular tau by VAMP8 overexpression
reduces the increase of acetylated tubulin upon tau overexpression.
N2a cells were transfected either with Flag-4R-TAU and EGFP-empty plas-
mids or Flag-4R-TAU and GFP-VAMP8 plasmids for 48 h. A, Western blotting
analysis with the antibody directed against acetylated tubulin (acTubulin) of
the cell lysate revealed that the overexpression of VAMP8 decreased the
amount of acTubulin. B, densitometry analysis of acTubulin signal. Black
frameswere used to mark the splice sites of immunoblot images. Data repre-
sent scatter plot and mean 6 S.E. n = 6. Each dot corresponds to a n. *, p ,
0.05.
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intracellular decrease was accompanied by an increase of
extracellular a-synuclein (Fig. 7F). The above observations
indicate that VAMP8 could be used for clearance of pathologi-
cal proteins involved in neurodegenerative diseases.

Discussion

In the present study, we reported that the overexpression of
VAMP8 increased tau secretion resulting in its intracellular
decrease both in N2a cells and hippocampal slices. Upon this
intracellular decrease of tau, the increase of acetylated tubulin,
caused by the stabilizing effects of overexpressed tau on micro-
tubules, was reduced. VAMP8 was preferentially associated
with late endosomes as revealed by its co-localization either
with Rab7A- or Rab9-positive structures. Using TIRF micros-
copy, it was possible to observe the fusion of VAMP8-positive
vesicles with the plasma membrane, which resulted in deple-
tion of the tau signal in the cytoplasm. Both intracellular and

extracellular tau were less phosphorylated when VAMP8 and
tau were overexpressed than upon tau overexpression alone.
VAMP8 also increased the secretion of the tau mutants, P301L
and R406W, and a-synuclein. Collectively the above observa-
tions indicate that the overexpression of VAMP8 could be used
to increase the secretion of proteins involved in neurodegener-
ative diseases and prevent their intracellular accumulation and
toxicity.
VAMP8 was previously found on late and recycling endo-

somes depending on the cell types (35–37, 40, 60). In N2a cells
used in the present study, VAMP8 was preferentially found on
late endosomes that we reported to be involved in tau secretion
(34). Several studies demonstrated the contribution of VAMP8
in exocytosis (38–41). Consistent with such a role, it was dem-
onstrated that VAMP8 found on recycling endosomes was
involved in their fusion with the plasma membrane (40). Our
results indicate that VAMP8 could also participate in the fusion

Figure 4. VAMP8-positive vesicles fuse with the plasma membrane as visualized by TIRF microscopy. N2a cells were transfected with GFP-4R-TAU and
RFP-VAMP8 plasmids for 24 h. Secretion of tau was stimulated by replacing the medium containing tau with fresh medium for 30 min either before fixation of
the cells or TIRF microscopy on live cells. A, representative image of a cell overexpressing GFP-4R-TAU and RFP-VAMP8. VAMP8-positive vesicles (red) were
found at the cell center (white arrows) and in the periphery close to the plasmamembrane (white arrowheads). VAMP8-positive vesicles often co-localized with
black areas of the size of the vesicles in tau staining indicating that tau has been released (white arrows in tau image); n = 3. B, representative live-cell TIRF
images of a cell transfected with GFP-4R-TAU and RFP-VAMP8 plasmids. Dashed lines indicate the boundary of the cell body. The images were taken in the
TIRF plane to demonstrate that several VAMP8-positive vesicles were found at the contact area between the plasma membrane of the cell and the coverslips
where fusion event can be observed. C, the inset (red square) in Bwas enlarged. RFP-VAMP8-positive vesicle, indicated by thewhite arrow, disappeared in 500
ms (756ms to 1.291 s) in the TIRF plane. A decrease of tau staining (1,291ms to 2,695ms) was noted in the area where the VAMP8-positive vesicle disappeared
(white arrow). n = 6.
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of late endosomes with the plasmamembrane in neuronal cells.
In these cells, VAMP8-positive vesicles contained tau that
could be released upon their fusion with the plasmamembrane.
VAMP8 presents a very low expression in the brain and there-
fore the role of endogenous VAMP8 in tau secretion by neu-
rons is debatable (41). However, such a possibility cannot be
completely ruled out because it could explain why a very low
amount of tau is released in both normal and pathological con-
ditions (see below). Another possibility would be that a SNARE
playing a role similar to that of VAMP8 in neurons could be
involved in tau secretion by promoting the fusion of late endo-
somes with the plasma membrane. Such a SNARE remains to
be identified. In a recent study, VAMP8 was shown to contrib-
ute to an unconventional secretion pathway involving the
endoplasmic reticulum and late endosomes (61). In contrast to
our results, no intracellular decrease of the secreted protein
was reported upon VAMP8 overexpression. This indicates that
VAMP8 could contribute to secretion by several pathways pre-
senting different efficacy at reducing the intracellular levels of
the secreted proteins. In this recent study, the role of VAMP8
in tau and a-synuclein secretion was not examined.
In the present study, VAMP8 was found on both Rab7A- and

Rab9-positive structures supporting a role of the endolysoso-

mal system in tau secretion upon VAMP8 overexpression. This
is consistent with our previous study demonstrating that
Rab7A was involved in tau secretion (34). Interestingly, at early
stages of AD when tau intracellular accumulation occurs,
Rab7A is up-regulated and there is an accumulation of endoso-
mal structures (62–66). Based on our previous and present
data, one can conclude that these changes could result in an
increase tau secretion, which could explain its increase in the
CSF (67, 68). In our previous study reporting that Rab7A was
involved in tau secretion, suppression of Rab7A resulted in
both a decrease of intracellular tau and tau secretion. In the
present study, we showed that VAMP8 overexpression resulted
in a decrease of intracellular tau but an increase of tau secre-
tion. This apparent discrepancy could be explained by the fact
that Rab7A has two roles: 1) it is involved in tau secretion
because of its localization in the endolysosomal system and 2) it
is involved in tau degradation pathway by the proteasome as
discussed in our previous study (34). Indeed, Rab7A was shown
to be involved in the degradation of proteins by the proteasome
(69). The roles of Rab7A in secretion and degradation might
vary from one cell type to another. In N2a cells, upon the over-
expression of VAMP8 forcing the endolysosomal secretory
pathway, Rab7A might be more involved in tau secretion than

Figure 5. VAMP8-positive vesicles preferentially co-localize with Rab GTPases associated with late endosomes. N2a cells were transfected with a GFP-
Rab (Rab7, Rab9, or Rab11), RFP-VAMP8 and Flag-4R-TAU plasmids for 48 h to determine in which endocytic compartment VAMP8 was localized. For each set
of images, the Rab is green and VAMP8 in red. Full white arrows were used to indicate co-localization between VAMP8 and a Rab, whereas empty white arrows
were used to indicate the lack of co-localization between VAMP8 and a Rab. A, very limited co-localization was observed with Rab11, a marker of the recycling
endosomes, whereas a partial co-localization was noted with Rab7 and Rab9, two markers of the late endosomes. Interestingly, VAMP8 staining was often
found at the center of the Rab7- and Rab9-positive vesicles. B, Pearson’s coefficients for VAMP8 and Rabs. The most significant co-localization was observed
with Rab9. The co-localization of VAMP8 with Rabs was quantified with Imaris software. Data represent a scatter plot andmean6 S.E. n = 49 cells for Rab7, n =
44 cells for Rab9, and n = 30 cells for Rab11. ***, p, 0.001; ****, p, 0.0001.
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tau degradation. Furthermore, VAMP8 co-localization was
stronger with Rab9 than Rab7A indicating that the VAMP8 se-
cretory pathway might be different from the pathway activated
by Rab7A alone. Last, it is important to mention that the endo-
lysosomal pathway might differ from one cell type to another
generating apparent discrepancies. As mentioned above, in the
present study, VAMP8 was found on structures containing
Rab9 indicating that this Rab could contribute to tau secretion
(47). Rab9-positive endosomes were reported to be involved in
unconventional secretion (61). This pathway was named mis-
folding-associated protein secretion (MAPS). This secretory
pathway is initiated by an endoplasmic reticulum-associated
deubiquitinase, USP19 that has a unique chaperone activity.
UPS19 uses its chaperone activity to recruit at the surface of
the endoplasmic reticulum-misfolded proteins, which subse-
quently enter late endosomes containing Rab9. Tau, a-synu-
clein, TDP-43, and SOD1 were shown to be secreted by this
pathway (70).
In recent years, the endolysosomal system was reported to be

involved in tau degradation through Rab35 and the endosomal

sorting complexes required for transport (ESCRT) (71). Our
present results demonstrate the contribution of this system to
tau secretion. From the above observations, one can speculate
that when tau enters the endolysosomal system, it has access to
at least two pathways, one involved in its degradation and one
involved in its secretion. In pathological conditions where this
system has been shown to be altered, the secretion pathway
might become more active resulting in an increase of tau in the
CSF. However, it would not be sufficient to prevent tau intra-
cellular accumulation. Interestingly, genetic variation of genes
involved in the endolysosomal system was associated with late-
onset AD (72).
Upon VAMP8 overexpression, a decrease of intracellular tau

phosphorylation was noted at the epitope Thr-231/Ser-235
using the antibody AT180 and a decrease at Thr-231 using
mesoscale. No change of phosphorylation was detected with an
antibody directed against phosphorylated Ser-199/Ser-202.
These results indicate that VAMP8 overexpression could con-
tribute to reduce both tau accumulation and phosphorylation
at certain sites. In the medium, an increase of the Tau-1

Figure 6. The overexpression of VAMP8 decreases the phosphorylation of intracellular and extracellular tau. N2a cells were transfected either with
Flag-4R-TAU and EGFP-empty plasmids or Flag-4R-TAU and GFP-VAMP8 plasmids for 48 h. A, Western blotting analysis with the A0024 antibody of the cell
lysate and medium. B,Western blotting analysis with the antibody Tau-46 of the cell lysate and medium. C,Western blotting analysis with the Tau-1 antibody
of the cell lysate. D, densitometry analysis of Tau-1 signal of InTau; n = 6. E,Western blotting analysis with the antibody recognizing tau-phosphorylated Ser-
199/Ser-202 and the antibody AT180 of the cell lysate. F, densitometry analysis of Ser-199/Ser-202 antibody signal of InTau; n = 6. G, densitometry analysis of
AT180 signal of InTau; n = 6. H,Western blotting analysis with the antibody Tau-1 of ExTau. I, densitometry analysis of Tau-1 signal of ExTau; n = 6. J,Western
blotting analysis with the antibody AT180 of ExTau; n = 6. K, densitometry analysis of AT180 signal of ExTau; n = 6. L, phosphorylation levels of Thr-231 of InTau
measured bymesoscale.M, phosphorylation levels of Thr-231 of ExTaumeasured bymesoscale; n = 6. N,Western blotting analysis with the A0024 antibody of
the cell lysate and medium of N2a cells either overexpressing a tau mutant mimicking phosphorylation (E12) or a nonphosphorylable tau mutant (A12) at 12
sites known to be phosphorylated in AD with VAMP8. O, densitometry analysis of the A0024 signal of InTau from A12 and E12 tau mutants. P, densitometry
analysis of the A0024 signal of ExTau from A12 and E12 taumutants; n = 4. The same actin Western blotting was used in A, C, and E. Black frameswere used to
mark the splice sites of immunoblot images. Data represent mean6 S.E. Each dot corresponds to a n. *, p, 0.05; **, p, 0.01; ***, p, 0.001.
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antibody staining was noted upon VAMP8 overexpression indi-
cating that tau was more dephosphorylated at this epitope than
upon tau overexpression alone. Furthermore, a decrease of tau
phosphorylation was found at the epitope Thr-231/Ser-235 as
noted for intracellular tau. We previously reported that tau
secretion by HeLa cells was increased upon its hyperphosphor-
ylation (50). In the present study, phosphorylation of tau did
not seem to modulate tau secretion by N2a cells upon the over-
expression of tau alone or the overexpression of tau with
VAMP8 as revealed by using tau mutants either mimicking
hyperphosphorylation or not phosphorylable. However, there
was a tendency for E12 to be more secreted by N2a cells than
A12 and WT tau after normalization with intracellular tau.
Whenmutants mimicking phosphorylation are used, it is possi-
ble that in some cells, the mimicking is not as efficient as in
other cells. This is the limitation of using such mutants to
investigate the contribution of phosphorylation in a cellular
process. However, the results with these tau mutants do not
rule out the possibility that phosphorylation sites other than
the ones included in our mutants could modulate tau secretion
by N2a cells.
In both physiological and pathological conditions, tau is

released by neurons. The presence of extracellular tau in physi-
ological conditions indicates that extracellular tau could have a
beneficial role. This is the case of other cytosolic proteins such
as annexins A4 and A5 acting as anticoagulants in the extracel-
lular space (27). The role of tau in the extracellular space is still
elusive. Dephosphorylated tau as detected in the medium was

shown to be able to bind and activate muscarinic receptors
(73, 74). However, it is still not clear if the concentration of tau
in normal conditions could activate these receptors. In patho-
logical conditions, extracellular pathological tau species are
believed to be involved in the propagation of tau pathology in
the brain and to affect the function of synapses by altering their
protein composition (31, 75). In a recent study, the secretion
factor of tau was evaluated to be between 1025 and 1026

depending on the brain region (76). In CSF, the tau concentra-
tion is 300 ng/liter in healthy individuals and 900 ng/liter in AD
patients (68). The amount of tau released by neurons in culture
is also very low (;20 ng/ml) (42). The low release of tau in the
extracellular space could appear to be a secretory mechanism
of tau species having an extracellular function rather than a tau
clearance mechanism. However, this low amount of released
tau does not exclude the possibility that secretion is a clearance
mechanism. For example, released tau could correspond to the
pool accumulating in the endolysosomal system and the secre-
tion of this pool might be sufficient to prevent any tau-induced
damages of this system as tau was shown to alter membrane in-
tegrity (77). Such a scenario was reported for a-synuclein that
was shown to accumulate in mitochondria and to alter their
function. Mitochondrial dysfunction could be rescued by in-
creasing a-synuclein secretion (32).
We demonstrated that tau secretion can be increased by the

overexpression of a SNARE associated with late endosomes.
Most importantly, this was accompanied by a decrease of intra-
cellular tau. It remains to be determined whether such an

Figure 7. VAMP8 increases the secretion of tau mutants linked to FTDP and a-synuclein. N2a cells were transfected either with a tau mutant (P301L or
R406W) and EGFP-empty plasmids or tau mutant (P301L or R406W) and GFP-VAMP8 plasmids for 48 h. A,Western blotting analysis with the A0024 antibody
of the cell lysate and medium. B, densitometry analysis of A0024 signal of InTau. C, densitometry analysis of A0024 signal of ExTau; n = 4. D,Western blotting
analysis with the anti-a-synuclein antibody of the cell lysate and medium of the cells overexpressing VAMP8 and a-synuclein. As noted for tau, VAMP8
decreased intracellular a-synuclein and increased extracellular a-synuclein. E, densitometry analysis of the anti-myc or a-synuclein antibody signal in the cell
lysate. F, densitometry analysis of the anti-myc ora-synuclein antibody signal in themedium; n = 3. Black frameswere used tomark the splice sites of immuno-
blot images. Data represent scatter plot andmean6 S.E. Each dot corresponds to a n. *, p, 0.05; **, p, 0.01.
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overexpression could become a therapeutic strategy to prevent
intracellular accumulation and aggregation of tau. Several stud-
ies have demonstrated that the reduction of intracellular tau
can significantly slow down the progression of tau pathology
resulting in improvement of functional deficits in tauopathy
animal models (33). In the present study, we reported that tau
secretion was efficient in reversing the stabilizing effects of tau
on microtubules. Antisense oligonucleotides are currently
being tested in clinical trials in mild AD patients (Clinical-
Trials.gov identifier: NCT03186989). The intracellular accu-
mulation of tau is believed to occur because tau degradation is
less efficient. Drugs aiming at increasing tau degradation are
presently under investigation (78). In such a context, increased
tau secretion could be an alternative clearance mechanism to
deficient tau degradation. However, all the strategies that are
currently tested for reducing intracellular tau do not present
specificity for affected neurons. Indeed, in AD, tau pathology
begins in certain areas before spreading in the brain. The
decrease of intracellular tau in regions nonaffected could have
negative effects that could mask the beneficial effects resulting
from a tau decrease in the affected regions. Consequences of
tau reduction were reported in recent studies. Tau deletion was
correlated to brain iron accumulation, brain insulin resistance,
and alterations of synaptic plasticity and function and cognitive
deficits (79–81). Our results indicate that overexpression of
VAMP8 would be a suitable approach to decrease tau solely in
regions affected by tau pathology because it did not increase
the secretion of tau in control hippocampal slices but only
when tau was overexpressed mimicking the accumulation of
tau in affected neurons. The drawback of such an approach is
the increase of extracellular pathological species that could
favor the propagation of tau pathology in the brain and synaptic
dysfunction. Our present results revealed that VAMP8 overex-
pression did not increase the formation of oligomeric tau and
tau species presenting pathological conformational changes.
From these data, one can conclude that VAMP8-induced secre-
tion would not enhance the formation of tau toxic species if
used as a therapeutic strategy to prevent intracellular tau accu-
mulation. The presence of tau in the CSF in physiological con-
ditions could indicate that certain tau species exert beneficial
effects on neurons and therefore the increase of tau in the CSF
at early stages of AD could be a neuroprotective response. In
such a case, VAMP8 overexpression could be used to enhance
the amount of released tau at early stages of AD to enhance
tau-induced beneficial effects (68). During the progression of
the disease, the increase of tau in the CSF is correlated with
cognitive decline in patients (68, 76). This decline could corre-
spond to the release of tau species altering synaptic function
and therefore the increase of their release by VAMP8 overex-
pression could become detrimental to neurons. Because of this,
it is imperative to identify tau species that are released upon
VAMP8 overexpression and to determine their extracellular
function. This will help to design antibodies that can solely
sequester the toxic tau species without affecting the species
that are beneficial to neurons.
The most efficient therapeutic approach for preventing in-

tracellular tau accumulation remains to be developed. In the
present study, we demonstrated that activating tau secretion by

the late endosomal pathway could be a suitable approach that
deserves to be further investigated. From the above observa-
tions, one can speculate that the increase of tau secretion to
prevent tau intracellular accumulation combined with the cap-
ture of extracellular toxic tau by an antibody to abolish the
propagation of tau pathology in the brain could be an efficient
approach to prevent tau-induced neurodegeneration.

Materials and methods

Cell culture

N2a cells were purchased from ATCC (number CCL-
131TM, Manassas, VA, USA) and were cultured in minimal
essential medium with Earle’s salt, nonessential amino acids
supplemented with L-glutamine, sodium pyruvate, and sodium
bicarbonate (Wisent Life Sciences, Saint Bruno, QC, Canada),
and with 10% fetal bovine serum premium (Wisent Life Scien-
ces) at 37 °C in a humidified 5%CO2 incubator.

Culture of murine hippocampal slices and lentivirus
transduction

Organotypic hippocampal slices were prepared and cultured
from postnatal days 4–5 (P4–P5) C57BL/6 mice as described
by Stoppini et al. (82). The mice were obtained from the colony
of Dr. Catherine Larochelle at the CRCHUM. The use of ani-
mals and all experimental procedures described were carried
out according to The guide to the Care and Use of Experimental
Animals of the Canadian Council on Animal Care. The ethical
approval was obtained from the Animal Care and Ethics
Committee of the Centre de Recherche du Centre Hospitalier
de l’Université de Montréal (CRCHUM) (protocol number
N17012CLs). Briefly, mice were decapitated, brains were
removed, and hippocampi were isolated and cut into 300-mm
thick slices using a McIlwain tissue chopper. Slices were cul-
tured using themembrane interface method onmembrane cul-
ture inserts (0.4 mm, Millicell CM, EMD Millipore, Etobicoke,
ON, Canada) in 6-well–plates containing 1 ml of culture me-
dium (50% minimum essential medium, 25% basal medium
Eagle’s without glutamine, 25% heat-inactivated horse serum,
2 mM glutamine, 0.6% glucose, pH 7.2). Cultures were kept at
37 °C in a humidified atmosphere with 5% CO2. Slices were
kept in culture for 48 h allowing them to become adherent to
the substrate filters before performing the experiments.
Lentivirus encoding either GFP, Tau, or VAMP8 was pur-

chased from Applied Biological Materials Inc. (ABM, Rich-
mond, BC, Canada). Slices were transduced by adding a suspen-
sion of lentivirus at a concentration of 3.8 3 107 PFU/ml
directly on the slices and then a thin strip of filter membrane
was applied to the slices. Twenty-four h after transduction, the
membrane strip was removed. The culture medium was col-
lected and replaced every 2 days.

Chemicals, antibodies, and plasmids

Chloroquine diphosphate salt (number C6628, Sigma, Oak-
ville, ON, Canada) and MG-132 (number M8699, Sigma) were
used at a final concentration of 100 mM for 4 h and 20 mM

for 24 h, respectively. Bafilomycin A1 (number CM110-0100
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Cedarlane®, Burlington, ON, Canada) was used at 25 nM for 20
h. For immunoblotting and dot blot, the following antibodies
were used: total tau (1:50,000, number A0024, Dako, Santa
Clara, CA, USA), GFP (1:1,000, number 3H9, Chromotek Inc.,
Hauppauge, NY, USA), Ç-actin (1:10,000, number Sc-65635,
Santa Cruz, Dallas, TX, USA), tau-1 (1:10,000, number
MAB3420, EMD Millipore, Etobicoke, ON, Canada), tau-46
(1:500, number ab203179, Abcam, Cambridge, UK); AT180
(1:100, number MN1040, Thermo Fisher Scientific, Waltham,
MA, USA), S199-202 (1:1,000, number 44-768G, Invitrogen,
Carlsbad, CA, USA); c-myc (1:500, number M5546, Sigma);
a-synuclein (1:1,000, number 610787, BD Transduction Labo-
ratories, Franklin Lakes, NJ, USA), ubiquitin (1:500, number
3936, Cell Signaling Technology, Danvers, MA, USA), LC3
(1:1,000, number ab51520, Abcam), tau22 (1:10,000, number
ABN454, EMDMillipore), and MC1 (1:500, gift from Peter Da-
vies). For immunofluorescence microscopy, the antibody
A0024 (1:1,000, Dako) was used. For the staining of the organo-
typic hippocampal slices, NeuN antibody (1:200, number
N2173-20, U.S. Biological, Salem, MA, USA) and 49,6-diami-
dino-2-phenylindole (1:1,000, number D9542-10MG, Sigma)
were used. Plasmids FLAG-4R-TAU and pEGFP-C1 empty
vector used for co-transfection of N2a cells were described pre-
viously (50). The plasmid GFP-VAMP8 was purchased from
Addgene (number 42311, Cambridge, MA, USA). Flag-4R-
TAU-P301L and Flag-4R-TAU-R406Wwere obtained by single
site-directed mutagenesis from Flag-4R-TAU (Civic Bioscien-
ces limitée, Beloeil, QC, Canada). pEGFP-C1-A12 and pEGFP-
C1-E12 were obtained by PCR-based mutagenesis from
pEGFP-C1-4R-TAU to which the GFP tag was removed (Muta-
genex, Suwanee, GA, USA) (50). Myc-a-Synuclein was obtained
fromDr. E. A. Fon.

Western blotting

The culture medium of N2a cells containing tau was col-
lected 48 h after transfection and centrifuged at 3000 rpm for
10 min at 23 °C to remove cell debris. The medium was mixed
with Laemmli sample buffer once. For cell lysates, cells were
washed twice with PBS and once with PBS containing 0.5 M

NaCl and lysed in fresh lysis buffer containing Tris 50 mM,
NaCl 300 mM, Triton X-100 (0.5%), a protease inhibitor mix-
ture (Complete EDTA-free, Roche Diagnostics, Indianapolis,
IN), and a phosphatase inhibitor mixture (PhosSTOP, Roche
Diagnostics), and then incubated on ice for 20 min. Proteins
were quantified using Bio-Rad DC Protein assay (Bio-Rad Lab-
oratories Ltd., Mississauga, ON, Canada). The lysates were
mixed with Laemmli buffer once and boiled for 5 min at 95 °C.
Equal amounts of the culture medium and cell lysates were
loaded in each lane and electrophoresed on polyacrylamide
gels. Immunoblotting was performed as previously described
(50). All the secondary antibodies used to reveal the primary
antibodies were coupled with horseradish peroxidase and were
purchased from Jackson ImmunoResearch (West Grove, PA,
USA). For quantification of the immunoreactive bands, West-
ern blotting image acquisition was performed using a Chemi-
Doc MP system (Bio-Rad Laboratories, Hercules, CA, USA)

and densitometry analysis was done with Image Laboratory
software (version 5.0, Bio-Rad Laboratories).

Mesoscale immunoassay to measure total tau and tau
phosphorylated at Thr-231

Tomeasure total tau and tau phosphorylated at Thr-231, the
lysate and the culture medium from N2a cells were prepared as
described forWestern blots. The amount of total tau and phos-
phorylated tau was determined by MSD MULTI-SPOT Phos-
pho(Thr-231)/total Tau assay (number K15121D, Meso Scale
Diagnostics, Rockville, MD, USA). This sensitive assay was
used according to the manufacturer's instructions. A duplicate
was used for each sample. All replicates were analyzed in a 96-
well 4-spot plate at the same time. The plate was read with
QuickPlex SQ120, aMeso Scale Diagnostics instrument.
The culture medium of organotypic hippocampal slices was

collected and centrifuged at 3000 rpm for 10 min at room tem-
perature to remove cell debris. The amount of total Tau in the
medium was determined by MSD MULTI-SPOT mouse total
Tau assay (number K151DSD, Meso Scale Diagnostics). The
assay was used according to the manufacturer's instructions. A
duplicate was used for each sample. All replicates were ana-
lyzed in a 96-well 4-spot plate at the same time. The plate was
read with QuickPlex SQ120, a Meso Scale Diagnostics
instrument.

Dot blot

The culture medium of N2a cells co-transfected either with
Flag-4R-TAU and pEGFP-C1 empty vector or Flag-4R-TAU
and GFP-VAMP8 was loaded (250ml) on a nitrocellulosemem-
brane 0.2 mm placed in the dot blot apparatus. The samples
were filtered through passively for 1 h and then the vacuum
flow was turned on to complete the filtration. Dot blot was
revealed as described above for theWestern blotting.

Immunofluorescence

N2a cells were grown on coverslips coated with poly-D-lysine
(Mandel Scientific Co. Inc., Guelph, ON, Canada). Themedium
was changed 30 min before fixation to stimulate Tau secretion.
Then, the cells were fixed in 4% PFA/PBS for 10 min at 37 °C
and permeabilized with 0.2% Triton X-100 in PBS for 5 min. All
the solutions for the immunofluorescence were prepared in
PBS (31). Coverslips were blocked with 5% normal goat serum
(Invitrogen) in PBS. Then coverslips were stained with the pri-
mary antibody, A0024 diluted in PBS (1:1000, Dako) at room
temperature for 1 h. After 3 washes in PBS, coverslips were
incubated with the secondary antibody coupled to FITC (Jack-
son ImmunoResearch) at room temperature for 1 h. Coverslips
were thenwashed in PBS andmounted inMowiol. Labeled cells
were visualized with an Apotome Axio ImagerM2 Zeiss micro-
scope using363 objective.
The organotypic hippocampal slices were fixed in 4% PFA in

PBS for 3 3 20 min at room temperature. After one wash in
PBS for 10 min and one wash in 0.05% PBST for 10 min, the sli-
ces were blocked with the Endogeneous Biotin Blocking kit
(number E21390, Invitrogen) according to the manufacturer’s
instructions. Slices were stained with NeuN antibody diluted in
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0.05% PBST at 4 °C overnight. After 5 washes in PBS, slices
were incubated with streptavidine A674 (number S32357, Invi-
trogen) at room temperature for 3 h. After 2 washes in PBS, sli-
ces were stained with 49,6-diamidino-2-phenylindole (1:1000).
They were then washed in PBS and mounted in ProLong Gold
antifade reagent (number P36934, Invitrogen). Slices were
visualized with SP5 Leica microscope using363 objective.

TIRF microscopy

N2a cells grown on an 35-mm imaging dish with a glass bot-
tom (number 81158, Ibidi, Gräfelfing, Bayern, Germany) were
transfected for 48 h with tau and VAMP8 plasmids. Thirty
minutes before imaging, the medium was changed to stimulate
tau secretion. TIRF images were acquired using a Zeiss Axio
Observer Z.1 inverted microscope (Zeiss, Oberkochen, Ger-
many) coupled with a TIRF fiber unit. Cells were maintained
under a 37 °C, 5% CO2 and humidity environment using a
TokaiHit top stage chamber (TokaiHit, Japan). All images were
acquired using a aPlan-Apochromat3100/1.46NA (numerical
aperture) OIL objective and an AxioCamMRR3 camera (10363
1040) giving a 65-nm pixel resolution. For excitation, 561 (50
mW) and 488 nm (20mW) diode pump solid state lasers (Coher-
ent, Santa Clara, CA, USA) were used for RFP and GFP, respec-
tively. Live images were acquired as follows: 1) TIRF angle was set
on a representative cell; 2) definite focus module was used to sta-
bilize the focus over time (activated every 20 time points); 3) a
quadruple filter set (77HE: 506/582/659) was used for fast detec-
tion; 4) GFP and RFP signals were acquired sequentially with a
20-ms exposure time for each; and 5) the images were acquired
every 517ms (610ms) for 2 min. Images were acquired and ana-
lyzed using the Zen Blue software (Zeiss, Germany). Final images
are 12 bits.

RNA extraction and qRT-PCR

Extraction of RNA from N2a cells was performed using an
RNeasy Plus Mini Kit (Qiagen, Toronto, ON, Canada), follow-
ing the manufacturer's instructions. Reverse transcription and
real-time reactionwere performed by theGenomics Core Facil-
ity of IRIC (Montréal, Québec, Canada). The measurement of
TAU DNA content by real-time qPCR was performed using on
aQuantStudioTM 7 flex system instrument, TaqMan®Reagents
and analyzed with QuantStudio Real-Time PCR software
(Applied Biosystems, Foster, CA, USA). Two endogenous con-
trols were used, ACTB and GAPDH. Calculation of relative
quantifications values is described in Livak et al. (83) according
to the 2-DDCTmethod (RQ).

Calculation of normalized tau secretion

In all the graphs presenting the quantification of tau secre-
tion by Western blotting, normalized tau secretion was calcu-
lated. To calculate normalized tau secretion, the signal of total
tau in the medium (ExTau) was divided by the signal of total
tau in the cell lysate (InTau). The signal of InTau was normal-
ized to that of actin in the cell lysate.

LDH assay

LDH activity in media was determined using a LDH Activity
Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA)
according to manufacturer’s instructions. The LDH content in
the samples was measured using a BIO-TEK SYNERGY4 plate
reader at A490 nm (Winooski, VT, USA). The mean of the
enzyme activity was used for comparison between experimen-
tal conditions.

Quantification of the co-localization of VAMP8 and Rabs

N2a cells transfected either with Flag-tau/RFP-VAMP8/
GFP-Rab7, Flag-tau/RFP-VAMP8/GFP-Rab9, or Flag-tau/
RFP-VAMP8/GFP-Rab11 were grown on coverslips coated
with poly-D-lysine (Mandel Scientific). After 48 h transfection,
the cells were fixed in 4% PFA/PBS for 10 min at 37 °C. Cover-
slips were then washed in PBS and mounted in Mowiol. Trans-
fected cells were visualized with an Apotome Axio Imager M2
Zeiss microscope using363 objective.
The co-localization was quantified with Imaris Software

(version 9.3.1 Biplane, Belfast, United Kingdom) with the
coloc module. The quantification was represented by Pear-
son’s coefficient.

Statistical analysis

The statistical analysis was performed using Prism 8.0c soft-
ware (GraphPad Software Inc., San Diego, CA, USA). Findings
were considered significant as follows: *, p, 0.05; **, p, 0.01;
***p, 0.001, or ****, p, 0.0001. For all the experiments, statis-
tical significance was evaluated with paired t test unless other-
wise stated. For tau secretion by hippocampal slices, we base-
lined each value with its control and for statistical significance,
a paired analysis of variance test followed by a pairwise t test
was used. The p values were adjusted with the Bonferroni cor-
rection. To verify the reproducibility of the co-localization of
VAMP8 with a Rab from three independent experiments, a x
square was performed. Statistical significance for the quantifi-
cation of VAMP8 co-localization with a Rab was evaluated with
aMannWhitney two-tailed unpaired t test.

Data availability

All data are contained within this article and the supporting
information.
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