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Abstract

Neuronal hyperexcitability linked to an increase in glutamate signalling is a peculiar trait of the early stages
of Alzheimer’s disease (AD) and tauopathies, however, a progressive reduction in glutamate release fol-
lows in advanced stages. We recently reported that in the early phases of the neurodegenerative process,
soluble, non-aggregated Tau accumulates in the nucleus and modulates the expression of disease-
relevant genes directly involved in glutamatergic transmission, thus establishing a link between Tau insta-
bility and altered neurotransmission. Here we report that while the nuclear translocation of Tau in cultured
cells is not impaired by its own aggregation, the nuclear amyloid inclusions of aggregated Tau abolish
Tau-dependent increased expression of the glutamate transporter. Remarkably, we observed that in
the prefrontal cortex (PFC) of AD patient brain, the glutamate transporter is upregulated at early stages
and is downregulated at late stages. The Gene Set Enrichment Analysis indicates that the modulation
of Tau-dependent gene expression along the disease progression can be extended to all protein path-
ways of the glutamatergic synapse. Together, this evidence links the altered glutamatergic function in
the PFC during AD progression to the newly discovered function of nuclear Tau.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Amyloidogenic aggregates, synaptic loss and
neuronal cell death leading to severe memory
deficits are characteristic of Alzheimer’s disease
(AD) and tauopathies. Several altered functions,
such as axonal transport, microtubules (MT)
destabilization, oxidative stress and altered
neurotransmission, likely converge upon the onset
and progression of the pathology though the
exact molecular mechanisms involved are still
elusive.1–4

Longitudinal studies on patients and models
indicate increased neuronal activity in
r(s). Published by Elsevier Ltd.This is an open ac
concomitance with higher release of glutamate
neurotransmitter at early stages.5–9 This alteration
leads to neuronal hyperexcitability and activates
cellular pathways related to synaptic dysfunction
and apoptosis, triggering the pathological cas-
cade.10–12 However, at late stages, this phe-
nomenon is reversed toward a reduction in
glutamate release, a progressive impairment in
neuronal activity, and a volumetric reduction of sev-
eral brain areas linked to cell death and memory
loss.13

Despite altered cellular neurotransmitter
response mediated by amyloid beta (Ab) and
Tau, the mechanisms involved in the pathological
cess article under theCCBY-NC-ND license (http://creativecommons.org/
Journal of Molecular Biology 432 (2020) 166675

mailto:cristina.diprimio@sns.it
mailto:antonino.cattaneo@sns.it
https://doi.org/10.1016/j.jmb.2020.10.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmb.2020.10.009


G. Siano, M. Varisco, A. Scarlatti, et al. Journal of Molecular Biology 432 (2020) 166675
modulation of glutamate release and
neurotransmission are still debated.9,14,15

At early stages, Tau destabilization from
microtubules is associated with altered axonal
transport and dendritic glutamate receptor
dysregulation, thus affecting synaptic
transmission.2,16–20 In tauopathic human brains
and in pathological Tau models, early hyperex-
citability is associated with a higher probability of
seizures.21,22 The close connection between Tau
and hyperexcitability is also evident in epilepsy
models wherein the reduction of Tau leads to a
reduction in seizures.23,24

While Tau destabilization and hyperexcitability
are observed at the onset of AD, the role of Tau
aggregation on neuronal activity at late stages is
still unclear. In AD brains, the neurofibrillary
tangles (NFTs) are detectable in several regions
characterized by alterations in synaptic plasticity
and transmission, synaptic loss, and neuronal cell
death.14,25,26 Previous studies indicate that Tau
aggregation affects the transport and release of
vesicles at the synapse, altering neurotransmis-
sion.13,27,28 Moreover, electrophysiological experi-
ments on mouse brains treated with Tau
aggregates showed a reduction in neurotransmis-
sion as well as synaptic plasticity.14 This evidence
suggests a causal link between the Tau-solubility
state and the altered neurotransmission. By mim-
icking the early events occurring in AD on the cellu-
lar level, we previously demonstrated that Tau
detachment from microtubules boosts its nuclear
translocation and that nuclear Tau triggers an
increase in both the vesicular glutamate transporter
1 (VGluT1) and NMDAR expression. Remarkably,
this Tau-dependent specific modulation of gene
expression induces neuronal hyperexcitability in
neurons post-synaptic to glutamatergic neurons.29

Here we study the effect of Tau-aggregation on
Tau-dependent gene expression, focusing on the
glutamate release pathway. We report that Tau
aggregates are also found in the neuronal nuclear
compartment and that, concomitantly, VGluT1
expression decreases, indicating that aggregation
causes the loss of Tau-dependent gene
expression. Moreover, we analysed the
longitudinal transcriptome of the prefrontal cortex
(PFC) from AD patients and found that VGluT1
levels increased in early stages and decreased
during later stages, shown by a bell-shaped
modulation overlapping with Tau destabilization at
early stages and then with Tau aggregation at
late stages. Additionally, we observed changes in
VGluT1 expression which recapitulate glutamate
release pathway events in the prefrontal cortex of
AD patients.
Altogether, this evidence suggests the role of

Tau aggregates on disease-related gene
expression as well as on resultant synaptic
transmission alterations observed during AD
progression. Our findings introduce a novel
2

pathological mechanism that can be targeted to
prevent the progression of neurodegeneration.
Results

Tau aggregates into the nucleus

We previously reported Tau nuclear translocation
and accumulation because of either Tau
overexpression or after Tau detachment from
MTs. In these conditions, nuclear Tau increased
the expression of VGluT1, a disease-relevant
gene directly involved in glutamatergic synaptic
transmission.29 To investigate whether Tau nuclear
translocation is altered during the aggregation pro-
cess, we expressed the 0N4R Tau isoform har-
bouring the P301S mutation in HT22 hippocampal
immortalized neurons and we induced its aggrega-
tion with synthetic Tau seeds, as previously
described.30 The nuclear compartment (NF = nu-
clear fraction) was isolated by subcellular fractiona-
tion and analysed by western blot. We observed
that in Tau expressing cells its nuclear accumula-
tion increased, as expected29 (Figure 1(a) and
(b)); however, this effect is not altered by aggrega-
tion. Indeed, nuclear Tau accumulation in seed-
treated cells is comparable to that in untreated
cells, indicating that the aggregation process does
not interfere with the nuclear translocation of Tau.
Moreover, by qPCR we verified that the expression
of Tau is not altered by seed treatment (Supple-
mentary figure 1(A)). To investigate whether Tau
monomers could aggregate in the nuclear compart-
ment we performed imaging experiments in cells
expressing Tau fused to YFP. Cells have been
treated with unlabelled seeds and, as shown in Fig-
ure 1(c), fluorescent inclusions become detectable
in both the cytoplasm and the nucleus (Figure 1(c)).
To verify that nuclear fluorescent spots correspond
to amyloidogenic proteopathic aggregates, the
K114 staining for b-sheet amyloid fibrils was per-
formed. Remarkably, Tau inclusions are positive
to K114 also in the nuclear compartment, demon-
strating that nuclear aggregates share structural
characteristics with pathological Tau fibrils (Figure 1
(d), Suppl. Figure 1(B)–(D)).
Having established that Tau amyloid aggregates

are detectable in the nucleus, we investigated
whether nuclear Tau molecules undergo
aggregation as well as cytoplasmic ones. To this
aim, we expressed the TauNLS-YFP, whose
localization is mainly restricted in the nuclear
compartment due to the nuclear localization
signal (NLS). We treated cells with Tau seeds
and small fluorescent inclusions appeared in the
nucleus 48 h later (Figure 1(e)).
To further investigate whether nuclear Tau

undergoes aggregation or if Tau aggregates
translocate to the nucleus, we transiently
expressed TauNLS-YFP and a Tau-CFP that is
ubiquitously expressed. The two constructs were



Figure 1. Nuclear Tau accumulation is not altered by aggregation and aggregates are detected into the nucleus. (A)
The total extract and the nuclear fraction (NF) of HT22 cells, expressing the Tau 0N4R bearing the P301S mutation,
treated or untreated with Tau seeds was analyzed by WB to quantify the enrichment in Tau signal. Control cells are
transfected with empty vector. (B) Quantification of A. (Kruskal-Wallis ANOVA and Mann-Whitney test; **p < 0.01;
*p < 0.05). Control cells are transfected with empty vector. FC = Fold Change; N = 5. (C) Immunofluorescence of
YFP-TauP301S expressing cells treated with Tau seeds (seeds) or untreated; Tau (Yellow), Nuclear ID (red). (D)
Nuclear K114 immunostaining of cells treated with Tau seeds or untreated; K114 (green), TOTO-3 (red). White
arrows indicate nuclear spots in the 3D section. (E) Immunofluorescence of YFP-TauP301S-NLS expressing cells
treated with Tau seeds or untreated; Tau (Yellow), Nuclear ID (red). Images are reported as Z-stacks; Scale bar:
10 lM.
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co-expressed and cells were treated with seeds.
We observed in the cytoplasm the formation of
CFP positive aggregates without the contribution
of TauNLS-YFP, as expected. Conversely, in the
nucleus we observed aggregates containing both
TauNLS-YFP and Tau-CFP as well as aggregates
containing only TauNLS-YFP. Furthermore, no
nuclear aggregates containing only Tau-CFP
were detected (Figure 2). These results suggest
that nuclear aggregates mainly form in the nucleus.
Aggregation inhibits Tau-dependent VGluT1
expression

To investigate the impact of aggregation on Tau-
dependent gene expression, we measured the
3

levels of VGluT1 in cells expressing aggregated
Tau. Previously, we demonstrated that P301L
mutation does not increase VGluT1 expression
with respect to control cells. Here, employing
P301S mutation to induce aggregation, we first
checked whether the P301S mutation also alters
VGluT1 expression. As reported in Suppl.
Figure 1, we observed that it behaves differently
from P301L Tau, preserving the Tau-dependent
modulation on VGluT1.
In Figure 3(a) and (b), the expression of VGluT1

in Tau expressing cells is increased as expected,
but upon aggregation, returns to the control level.
This modulation has also been confirmed at
mRNA level by qPCR (Figure 3(c)). To
demonstrate that this effect is triggered by



Figure 2. Aggregation of nuclear Tau occurs in the nuclear compartment. Confocal imaging of HT22 cells
transiently expressing TauNLS-YFP (0N4RTauP301S-NLS-YFP) and Tau-CFP (0N4RTauP301S-CFP) and treated or
untreated with seeds. Magnification in the merge panel to visualize nuclear aggregates. TauNLS-YFP (yellow); Tau-
CFP (cyan); NuclearID (red). Images are reported as Z-stacks; Scale bar: 10 lM.

Figure 3. Aggregation inhibits Tau-dependent expression of VGluT1. (A) The total lysate of cells treated or
untreated with Tau seeds was analysed by WB to quantify the VGluT1 signal. (B) Quantification of VGluT1 protein
signal in A. (Kruskal-Wallis ANOVA and Mann-Whitney test; **p < 0.01). N = 5. (C) VGluT1 mRNA quantification by
qPCR in treated and untreated cells (Mann – Whitney test; **p < 0.01). N = 4. (D) The total lysate of cells expressing
TauNLS (0N4RTau-P301S-NLS) treated or untreated with Tau seeds was analysed by WB to quantify the VGluT1
signal. (E) Quantification of VGluT1 protein signal in D. N = 4. (Kruskal-Wallis ANOVA and Mann-Whitney test;
*p < 0.05). FC = Fold Change.
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nuclear Tau, we performed the same experiment in
cells expressing TauNLS and we observed an
increase of VGluT1 expression by WB, as
reported in Figure 3(d) and (e). On the contrary,
the expression of VGluT1 returns to baseline
upon aggregation induction, indicating that
nuclear aggregation impairs the Tau-dependent
VGluT1 expression.
At the cellular level, this indicates that Tau-

dependent modulation of VGluT1 might roughly
follow a bell-shaped longitudinal distribution
wherein VGluT1 increase is caused by soluble
Tau monomers accumulated in the nucleus and is
followed by a strong decrease of VGluT1
expression in the presence of Tau aggregates.
To ask whether this mechanism is also

conserved in neurons, we performed the same
experiment on cortical neurons derived from
mouse embryonic stem cells (ESCs). Untreated
and seed-treated cells were subjected to
immunofluorescence acquisition to quantify
VGluT1 expression. Accordingly, VGluT1
expression increased in Tau expressing cells,
while it decreased in aggregation conditions
(Supplementary Figure 2(A) and (B)).

Tau-dependent modulation of VGluT1 in the
prefrontal cortex of AD patients

To investigate whether this in vitro evidence
could resemble the in vivo pathological condition,
we performed a comparative transcriptome
analysis of the prefrontal cortex of AD patients
derived from the GSE84422 public dataset.31 The
dataset allows separation of patients at different
Braak stages (BS) and we plotted VGluT1 as a
function of the disease progression. As reported
in Figure 4(A), VGluT1 expression in the prefrontal
cortex of AD patients is upregulated at early stages
(BS3-4) and downregulates at the late stage (BS6).
To evaluate how glutamatergic function is altered in
the PFC along pathology progression, we identified
pathways related to the glutamatergic synapse by a
gene set enrichment analysis (GSEA) at each
Braak stage. KEGG pathways related to gluta-
matergic synaptic activity in the prefrontal cortex
have been isolated (Figure 4(B)). Four gene path-
ways (glutamatergic synapse, Long-term depres-
sion, Long-term potentiation, synaptic vesicle
cycle) share the same trend: overrepresented at
Braak stages 3 and 4, but not significantly modu-
lated at Braak stage 6. This indicates that there is
a strong functional alteration specifically during
early stages. We also checked unrelated gene sets
affected versus unaffected at Braak stage 3-4-6
and a short list is reported in Supplementary
Table 1. We found that protein export, processing,
and degradation pathways undergo a persistent
modulation in the diseased brain as expected. On
the contrary, basic metabolic and biosynthetic path-
ways tend to not be altered throughout disease
progression.
5

Altogether, these results clearly indicate that
glutamatergic function can be described by a bell-
shaped curve during AD progression in the
prefrontal cortex of human patients, similarly to
the expression of Tau-induced glutamate
transporter at the cellular level. Our results
suggest that Tau aggregation may have an
important role in the dysfunction of the
glutamatergic function, in addition to other
pathological mechanisms.
Discussion

We previously demonstrated that Tau, a well-
established MT-associated protein, translocates to
the nucleus, where it modulates the expression of
genes specifically involved in glutamatergic
synaptic transmission. This role might partially
account for the strong change in synaptic
transmission commonly occurring during Tau
pathology progression. Indeed, in tauopathy
mouse models and in AD human patients,
glutamate release increased in the pre-
symptomatic phase correlates with toxic circuit
hyperexcitability while later this is followed by an
impairment in glutamate release.7,13,16,27,32–35

According to this evidence, when Tau destabilizes
from MTs but does not aggregate, nuclear translo-
cation of Tau increases and nuclear Tau molecules
drive the expression of a set of genes involved in
glutamatergic transmission, like VGluT1 and
NMDA receptor subunits, thereby increasing the
synaptic activity of primary cultured neurons.29

Here we reported that in later phases of the
disease, Tau-dependent VGluT1 expression
downregulates to basal levels in the presence of
proteopathic aggregates. Interestingly, while the
aggregation event does not alter the amount of
Tau in the nuclear compartment, we observed
nuclear inclusions of aggregated Tau. Previous
evidence indicated the presence of aggregates in
the nucleus in particular experimental conditions
but also in human AD brains. Tau PHF strands
within the AD brain nuclei was first reported in
Metuzals et al.36; later the structure of Tau rod-
like nuclear deposits has been described in both
AD and Huntington disease.37 Benhelli-Mokrani
et al. reported the presence of pathological prefibril-
lar oligomerized forms of Tau protein in the cyto-
plasm and in the nuclei of THY-Tau22 CA1
neurons after heat shock treatment.38 Sanders
et al. generated Tau strains that induce different
pathologies in vivo depending on distinct amyloid
conformations. Interestingly, one of these strain is
characterized by the presence of Tau nuclear
speckles both in cell lines and in three generations
of inoculated transgenic mice.39 The role of Tau
aggregates in the nucleus is still obscure though
recently the repressive role of Tau oligomers has
been suggested by measuring the expression rates
of Tau-interacting genes in brain extracts from WT



Figure 4. VGluT1 and the glutamatergic synapse are altered in the brain of AD patients at intermediate, but not at
late disease stages. (A) Boxplot of VGluT1 expression in the prefrontal cortex of AD patients classified by Braak
stage. Stage 1 N = 7, stage 2 N = 8, stage 3 N = 13, stage 4 N = 11, stage 6 N = 16. Stage 5 is not represented due to
the absence of samples from stage 5 patients. Kruskal-Wallis ANOVA; *p < 0.05; *p < 0.01. (B) Enrichment of KEGG
pathways related to glutamatergic synaptic activity in the prefrontal cortex by GSEA. Only significantly deregulated
pathways (FDR < 0.05) are shown. Synaptic pathways are upregulated at Braak stage 3 and 4, but are not
significantly modulated at Braak stage 6.
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and KO Tau mice. Interestingly, the repression was
predominantly observed under heat shock condi-
tions in correlation with the increased presence of
Tau oligomers within neuronal nuclear
compartment.38

In this study we employed the Tau-P301S mutant
as a reliable and widely used strategy to induce
Tau aggregation by initial assessment of this
mutant’s ability to modulate VGluT1 expression.
Interestingly, unlike the P301L mutation, P301S
preserved the ability to modulate the disease-
related gene underlying the known observation by
other authors that the two mutations have
different impacts on the pathology.40,41 Our result
could be mechanistically related to these differ-
ences in the pathological impact of P301 mutations
to L or to S, and especially on gene expression
modulation.
Here we report that Tau aggregates are

detectable in the nuclear compartment. Moreover,
we demonstrated that aggregation can occur in
the nucleus without the contribution of
cytoplasmic Tau.
We report the appearance of Tau aggregates in

the nucleus and the concomitant loss of function,
in terms of Tau-dependent VGluT1 expression.
This confirms previous observations and
demonstrates that Tau aggregates impact also on
the expression of disease-related genes such as
VGluT1. Remarkably, we demonstrated that
nuclear aggregates impair the Tau-dependent
6

modulation of VGluT1 gene suggesting that
aggregated Tau is unable to interact with DNA
regions or with nuclear cofactors mediating gene
expression. Aggregates might physically prevent
transcription or might recruit factors involved in
gene expression. Nuclear aggregates component
analysis could reveal the molecular basis of this
novel repressive mechanism.
This in vitro evidence strongly recapitulates what

happens in human brains when compared to the
longitudinal transcriptome of the prefrontal cortex
(PFC) of AD patients. The PFC is a hub region
responsible for linking functionally specialized
regions whose ability to process information is
increasingly affected with AD progression. Clinical
studies on human brains revealed that Tau
aggregation in the PFC occurs in late stages,
however, pathological Tau hallmarks, like Tau
hyperphosphorylation and delocalization, are
detectable earlier. Remarkably, the spreading of
Tau pathology in the PFC might be caused by its
functional connections with hippocampal and
cortical regions.25,42–44 The clinical and pre-clinical
connectome of the hippocampal–PFC circuit in the
disease progression demonstrated the effect of
the initial deposition of NFTs on distal brain regions
at early stages of the pathology.42–44 Our analysis
highlights that VGluT1 expression is significantly
upregulated at early stages in the PFC of AD
brains (BS 3-4) but downregulates in the late stage
(BS 6).
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Despite the limited number of human samples
available, this bell-shaped modulation is
significant, confirming a similar trend observed in
our cellular model and further supporting the role
of Tau-dependent gene expression modulation
alongside disease progression.
The GSEA analysis performed provides

pathways that depend on significant alterations of
genes functionally categorized in that pathway,
not necessarily all genes in the same direction. In
this analysis, four gene pathways related to the
glutamatergic synapse along the pathology
progression (glutamatergic synapse, Long-term
depression, Long-term potentiation, synaptic
vesicle cycle) share a trend: they are altered at
Braak stage 3 and 4 but are not significantly
modulated at Braak stage 6. This evidence clearly
indicates that the altered glutamatergic function
during AD progression in the PFC is strongly
correlated to the glutamate transporter expression
at cellular level.
In light of these findings, it could be useful to

carefully evaluate memantine as a treatment
option for AD and to reconsider the clinical stage
of patients to be treated. Memantine is a NMDAR
antagonist and was approved by FDA as a
therapeutic drug in moderate to severe AD in
2003.45 Our results suggest that the effectiveness
of memantine might be greater at very early stages,
when the glutamatergic transmission is abnormally
increased, though may be detrimental as the dis-
ease progresses along the bell shaped curve. This
study suggests that nuclear Tau has peculiar func-
tions still unexplored that might be closely linked to
pathological mechanisms. For this reason, it should
be considered as a distinct therapeutic target with
respect to cytoplasmic Tau.
Overall, our results indicate an association

between Tau and the glutamatergic function,
further supporting that the pathological state of
Tau might be involved in glutamatergic alteration
during the progression of the disease.
Experimental Procedures

Cell culture, transfections and treatments

Immortalized hippocampal neurons HT22 were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (GIBCO) supplemented with 10% FBS.
The day before the experiment cells were seeded
at 105 cells in six-well plates or in Willco dishes
(Willcowells). Transient transfection was carried
out with Lipofectamine 2000 (Thermo-Fisher)
according to manufacturer’s instructions. The
transfection efficiency was measured by YFP
expression and resulted about 40%.
Mouse embryonic stem cell-derived neuronal

cultures were induced and maintained as
previously described.46 In brief, embryonic stem
cells from mouse blastulae were harvested at
7

E13.5, alternatingly maintained in embryonic stem
cell media + 10% fetal bovine serum comprised
of GMEM BHK-21 (11710035, ThermoFisher Sci-
entific), 2 mM Glutamine (25030, ThermoFisher
Scientific), 1 mM Sodium Pyruvate (11360070,
ThermoFisher Scientific), 100 U/ml Penicillin-
streptomycin (15140, ThermoFisher Scientific),
1 mM Non-essential amino acids (11140, Sigma
Aldrich), 0.05 mM b-mercaptoethanol (M3148,
Sigma Aldrich), Mouse Leukemia Inhibitory Factor
(LIF), 10 ng/ml (GFM200-100, Cell Guidance Sys-
tems), N-2 Supplement 100X (175020, Thermo-
Fisher Scientific), and B-27 Supplement minus
Vitamin A 50X (125870, ThermoFisher Scientific)
and dual GSK-3b/MAPK inhibition + recombinant
mouse LIF media containing GMEM BHK-21
(11710035, ThermoFisher Scientific) and contain-
ing 2 mM Glutamine (25030, ThermoFisher Scien-
tific), 1 mM Sodium Pyruvate (11360070,
ThermoFisher Scientific), 100 U/ml Penicillin-
streptomycin (15140, ThermoFisher Scientific),
1 mM Non-essential amino acids (11140, Sigma
Aldrich), 0.05 mM b-mercaptoethanol (M3148,
Sigma Aldrich), CHIR 99201, 5 lM (SML1046,
Sigma Aldrich), PD 0325901, 5 lM (sc-205427,
Santa Cruz Biotechnologies), Mouse Leukemia
Inhibitory Factor (LIF), 10 ng/ml (GFM200-100, Cell
Guidance Systems), N-2 Supplement 100X
(175020, ThermoFisher Scientific), and B-27 Sup-
plement minus Vitamin A 50X (125870, Thermo-
Fisher Scientific) (2i + LIF). After three cycles
cells were seeded at a density of ~30,000 cells/
cm2 on 0.1% porcine gelatin (G1890, Sigma
Aldrich) and briefly maintained in 2i + LIF media
for 1–2 days before changing the media to neural
induction containing Wnt and BMP inhibitors
(WiBi), comprised of DMEM/F12 1:1 (21331-046,
ThermoFisher Scientific) containing 2 mM Glu-
tamine (25030, ThermoFisher Scientific), 1 mM
Sodium Pyruvate (11360070, ThermoFisher Scien-
tific), 100 U/ml Penicillin-streptomycin (15140,
ThermoFisher Scientific), 1 mM Non-essential
amino acids (11140, Sigma Aldrich), 0.05 mM b-
mercaptoethanol (M3148, Sigma Aldrich), 10 lM
53AH (C5324-10, Cellagen Technology), 10 lM
LDN193189 hydrochloride (SML0559, Sigma
Aldrich), N-2 Supplement 100X (175020, Thermo-
Fisher Scientific), and B-27 Supplement minus
Vitamin A 50X (125870, ThermoFisher Scientific).
Cells were expanded for 10 days in vitro in WiBi
media, passaging the third and seventh days
in vitro (DIV) onto poly-l-ornithine (P3655, Sigma
Aldrich) and purified mouse laminin (CC095-M,
Merck Millipore) at 40,000 and 100,000 cells/cm2,
respectively. On the eleventh day from neural
induction, the media was changed to minimal basal
media comprised of Neurobasal (21103049, Ther-
moFisher Scientific) and containing 2 mM Glu-
tamine (25030, ThermoFisher Scientific), 1 mM
Sodium Pyruvate (11360070, ThermoFisher Scien-
tific), 100 U/ml Penicillin-streptomycin (15140,
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ThermoFisher Scientific), 0.05 mM b-
mercaptoethanol (M3148, Sigma Aldrich), Ascor-
bate, 0.5 mM (A92902, Sigma Aldrich), and B-27
Supplement minus Vitamin A 50X (125870, Ther-
moFisher Scientific). Cells were transfected by
Lipofectamine 2000 (Thermo-Fisher) at DIV 13.
Seeding experiments were performed at DIV 17
for three days and then cells were fixed. Tau-
YFP-NLS construct cloning: a triplicated nuclear
localization signal (NLS) was amplified from
pDonor-tBFP-NLS-Neo using a forward primer
incorporating BsrGI restriction site in its 50tail
(50TGTACAAGTCCGGACTCAGATC30) and the
reverse primer 50AACAAGTTAACAACAACAATT
GCAT30. The amplification product was first T-A
cloned in pCR2.1 and then subcloned BsrGI-NotI
into pEYFP, in order to obtain pEYFP-NLS. The
AgeI fragment from pTauRSIVT-EYFP (encom-
passing pTauRSIVT)47 was then cloned in
pEYFP-NLS to obtain pTauRSIVT-EYFP-NLS.
The P301S mutant has been generated by the
Q5 Site-Directed Mutagenesis Kit (New England
BioLabs) primer Fwd: 50-CAAACACGTCTCGG
GAGGCGG-30; primer Rev 50-ATATTATCCTTT
GAGCCACACTTGGAC-30.

Western blot and immunostaining

Total protein extracts were prepared in lysis
buffer supplemented with protease and
phosphatase inhibitors. The Subcellular Protein
Fractionation Kit for Cultured Cells (Thermo-
Fisher) was used according to manufacturer’s
instructions.48 Proteins were quantified by BCA
(Thermo-Fisher). For each sample 20 mg of each
fraction were loaded. Proteins were separated by
SDS-PAGE and electro-blotted onto Hybond-C-
Extra (Amersham Biosciences) nitrocellulose mem-
branes. The total extracts and the CF were loaded
on a 12% acrylamide gel; instead, NF fractions
were loaded on 8% acrylamide gel. Membranes
were blocked (5% skimmed milk powder in TBS,
0.1% Tween 20).
For IF experiments, cells were fixed with ice-cold

100% methanol for 5 min. After permeabilization
(PBS, 0.1% Triton-X100) samples were blocked
(1% wt/vol BSA) and incubated with primary and
secondary antibodies. Slides were mounted with
Vectashield mounting medium (Vector
Laboratories).
Primary antibodies for WB: mouse anti-Tau

(Tau5) 1:1000 ab80579 (AbCam); rabbit anti-
histone H2b (Santa Cruz); mouse anti-GAPDH
1:15000 (Fitzgerald); rabbit anti-VGluT1 ab77822
1:500 (AbCam). Secondary antibodies for
Western blot analysis were HRP-conjugated anti-
mouse or anti-rabbit, purchased from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA.
Primary antibodies for IF: mouse anti-tau (Tau-

13) 1:500 (Santa Cruz); rabbit anti-VGluT1
ab77822 1:500 (AbCam). Secondary antibodies
for IF: Alexa Fluor 633; Alexa Fluor 488 (Life
8

Technologies). For K114 staining, cells were fixed
and permeabilized as described above. Samples
were incubated with 1 lM K114 (Sigma-Aldrich)
for 10 min and slides were mounted with
VECTASHIELD. Nuclear staining performed by
incubation for 15 min with TOTO-3 or NuclearID.
Western blot quantification has been performed
using ImageJ software.
Real-time PCR

Total RNA was extracted by Nucleospin
(Macherey-Nagel) and retro-transcribed by
Reverse Transcriptase Core kit (Eurogentec)
according to manufacturer’s instructions. Real-
time PCR was performed using the iTaqTM
Universal SYBR� Green Supermix (BioRad), and
performed for 40 cycles of amplification with
denaturation at 95 �C for 15 s, annealing at 60 �C
for 25 s, extension at 72 �C for 20 s. The primers
employed were: Actin: fwd 50-TCCATCCTGGCCT
CACTGTCCAC-30, rev 50-GAGGGGCCGGACT
CATCGTACT-30; Tau: fwd 50-GTGACCTC
CAAGTGTGGCTCATT-30, rev 50-CTTCGACTG
GACTCTGTCCTTG-30; VGluT1: fwd 50-GAG
GAGTGGCAGTACGTGTTCC-30, rev 50-
TCTCCAGAAGCAAAGACCCC-30.
Tau seeding

Recombinant heparin-assembled P301S Tau
fibrils were prepared as previously described.30

Cells were plated in glass bottom dishes as previ-
ously described and 1.2 lg of P301S Tau fibrils
were delivered to cells with 2 ll of Lipofectamine
2000 transfection reagent diluted in 300 ll of
Opti-MEM Reduced Serum Medium (Gibco). Cells
were treated for 2 h, then DMEM low glucose
was added.
Image acquisition and analysis

A Leica TCS SP8 confocal laser-scanning
microscope (Leica Microsystems, Mannheim,
Germany) equipped with Leica Application Suite
(LAS) X software was used. All frames were
captured by means of HC PL APO CS2 40X/1.30
(*) oil objective, a format size of 512 � 512 pixel
and a sequential scan procedure. All confocal
frames were taken by a suitable scanning power
and speed along with gain level to achieve the
greater signal definition and avoid any
background noise. (*) N.A. = 1.30. A heated and
humidified chamber mounted on the stage of the
microscope was used for live imaging
experiments in order to maintain a controlled
temperature (37 �C) and CO2 (5%) during image
acquisition. An Argon laser was used for ECFP
(k = 458 nm) and EYFP (k = 514 nm), a Gre-Ne
laser for NuclearID (k = 543 nm) and a He-Ne
laser for TOTO-3 (k = 633 nm). The UV laser was
used for K114 (k = 380 nm).
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GSEA

The transcriptome of the prefrontal cortex of AD
patients was derived from the GSE84422 dataset
Affymetrix HG-U133A microarray platform.31 The
prefrontal cortex dataset includes 7 patients at
Braak stage 1, 8 patients at Braak stage 2, 13
patients at Braak stage 3, 11 patients at Braak
stage 4, 16 patients at Braak stage 6. No stage 5
patients are present. Samples were filtered by
brain region with R package simpleaffy49 and the
log2-transformed expression of VGluT1 was plot-
ted as a function of the Braak stage. Two probes
to measure VGluT1 expression are available:
204229_at, 204230_s_at. For each patient the
median of the two probes has been reported. P-
values were computed by Kruskal-Wallis ANOVA.
For GSEA, differential gene expression in the pre-
frontal cortex at each stage was calculated with R
package limma,50 probes were ranked by log2 fold
change and GSEA was performed using
WebGestalt51 with the standard settings and with
affy_hg_u133a as the reference set. KEGG path-
ways with FDR < 0.05 were deemed statistically
significant.

Statistical analysis

For Western Blot and quantitative real-time PCR,
statistical significance was assessed by non-
parametric Kruskal-Wallis test followed by
pairwise Mann-Whitney test (one tailed). For
qPCR, gene expression was calculated with Pfaffl
method.52 Each sample was run in triplicate and
at least four biological replicates were performed
for each experiment. All results are shown as
mean ± SEM from at least four independent exper-
iments. For fluorescence image analysis ANOVA
coupled with Tukey’s t-test has been used. Signifi-
cance is indicated as * for p < 0.05, ** for p < 0.01,
*** for p < 0.001 and **** for p < 0.0001.
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