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Abstract

Tau is a microtubule-associated protein exerting several physiological functions in neurons. In 

Alzheimer's disease (AD) misfolded tau accumulates intraneuronally and leads to axonal 

degeneration. However, tau has also been found in the extracellular medium. Recent studies 

indicated that extracellular tau uploaded from neurons causes synaptic dysfunction and contributes 

to tau pathology propagation. Here we report novel evidence that extracellular tau oligomers are 

abundantly and rapidly accumulated in astrocytes where they disrupt intracellular Ca2+ signaling 

and Ca2+-dependent release of gliotransmitters, especially ATP. Consequently, synaptic vesicle 

release, the expression of pre- and post-synaptic proteins, and mEPSC frequency and amplitude 

were reduced in neighboring neurons. Notably, we found that tau uploading from astrocytes 

required the amyloid precursor protein, APP. Collectively, our findings suggests that astrocytes 

play a critical role in the synaptotoxic effects of tau via reduced gliotransmitter availability, and 

that astrocytes are major determinants of tau pathology in AD.
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Introduction

The amyloid hypothesis has dominated the field of Alzheimer's disease (AD) pathogenesis 

in the last 30 years. However, increasing evidence demonstrates the pivotal role of tau 

protein in this pathology (Guerrero-Muñoz et al., 2015). Tau is a microtubule-associated 

protein primarily localized in the axons of neurons and its main physiological role is to 

stabilize microtubules. However, many other functions have been identified for this protein 

that include axonal transport, signal transduction, and neuronal polarization (Medina and 

Avila, 2014). Six tau isoforms are derived from alternative splicing of the microtubule-

associated protein tau (MAPT) gene transcript in the adult brain, with the 4R/2N isoform 

being the longest one (Fà et al., 2016; Kampers et al., 1999). Tau protein is highly subjected 

to phosphorylation and in several pathologies, including AD, hyperphosphorylated and 

misfolded tau accumulates intraneuronally and leads to axonal degeneration, thus 

contributing to neuronal loss.

Although tau is an intracellular protein, full-length tau have also been found in the 

extracellular medium, mainly due to activity-dependent secretion from neurons and/or 

release from dead cells (Fà et al., 2016; Medina and Avila, 2014; Pooler et al., 2013; 

Yamada et al., 2014). Recent studies suggested that soluble extracellular tau aggregates 

impinge on the synaptic function (Fà et al., 2016; Guerrero-Muñoz et al., 2015; Lasagna-

Reeves et al., 2011). We recently demonstrated that extracellular application of oligomeric 

tau (ex-oTau) inhibited synaptic plasticity at the CA3-CA1 synapses and impaired limbic 

system-dependent memory formation in mice (Fà et al., 2016). We also found that the 

synaptotoxic tau oligomers crossed plasma membranes of cultured hippocampal neurons and 

accumulated intracellularly whereas tau monomers, that did not exert any adverse effect on 

brain functions, are less prone to enter neurons (Fà et al., 2016; Wu et al., 2013;), though 

they enter SH-SY5Y neuroblastoma cells (Michel et al., 2013) where they may exert a toxic 
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action mediated by M1 and M3 muscarinic receptors activation (Díaz-Hernández et al., 

2010).

In tauopathies, tau accumulation has also been found in cells others than neurons, i.e., 

astrocytes and microglia (Asai et al., 2015; Bolós et al., 2016; Forman et al., 2005; Kahlson 

and Colodner, 2016; Lasagna-Reeves et al., 2014; Maphis et al., 2015; Togo and Dickson, 

2002). The role of microglia in tau pathology has been extensively investigated (Asai et al., 

2015; Bolós et al., 2016; Luo et al., 2015; Maphis et al., 2015), whereas that of astrocytes 

remains unclear yet. In particular, so far no studies have addressed the role of astrocytes in 

tau-induced synaptic dysfunction. Astrocytes have several functions in the brain: besides 

providing structural and metabolic support to neurons, they directly modulate a number of 

neuronal functions (Giaume and Oliet, 2016). Specifically, they modulate synaptic 

transmission (Araque et al., 1998; Fields and Burnstock 2006; Jourdain et al., 2007; Perea 

and Araque 2010; Zorec et al., 2016a) and orchestrate synaptic plasticity (De Pittà et al., 

2016). Astrocytes are indeed partner in the “tripartite synapse”: they exchange information 

with the synaptic neuronal elements, respond to synaptic activity and regulate synaptic 

transmission through the Ca2+-dependent release of gliotransmitters such as ATP, glutamate 

and D-serine (Fields and Burnstock 2006; Zorec et al., 2016a). Therefore astrocytes are also 

actively involved in memory formation, and they may play a key role in neurodegenerative 

diseases (Gao et al., 2016; Verkhratsky at al., 2016; Zorec et al., 2016b).

Here, we tested the hypothesis that accumulation of tau oligomers in astrocytes contributed 

to tau-induced synaptic dysfunction by impinging on gliotransmitter release.

Materials and Methods

Primary cultures of hippocampal neurons and astrocytes

Co-cultures of hippocampal neurons and astrocytes were obtained from wild type (WT) E18 

C57/bl6 mice as previously described (Maiti et al., 2011) with minor modifications. Primary 

cultures of cortical and/or hippocampal astrocytes were obtained from E18 C57/bl6 mice, 

CByJ.B6-Tg(CAG-EGFP)1Osb/J (eGFP expressing mice) and B6.129S7-Apptm1Dbo/J 

(APP KO) mice as previously described (Podda et al., 2012). Briefly, after removing brain, 

dissected cortices were incubated for 10 min at 37 °C in phosphate buffered saline (PBS) 

containing trypsin-ethylenediaminetetraacetic acid (0.025%/0.01% w/v; Biochrom AG, 

Berlin, Germany) and the tissue was mechanically dissociated at room temperature [(RT), 

23-25 °C] with a fire-polished Pasteur pipette. The cell suspension was harvested and 

centrifuged at 235 × g for 8 min. Then, for co-cultures of neurons and astrocytes, the pellet 

was suspended in 88.8% Minimum Essential Medium (MEM, Biochrom), 5% fetal bovine 

serum (FBS), 5% horse serum, 1% glutamine (2 mM), 1% penicillin-streptomycin-neomycin 

antibiotic mixture (PSN, Thermo Fisher Scientific, Waltham, MA, USA), and glucose (25 

mM). Cells were plated at a density of 105 cells on 20-mm coverslips (for 

immunocytochemical, patch-clamp and FM1-43 studies) and 106 cells/well on 35-mm six-

well plates (for Western blot studies), precoated with poly-L-lysine (0.1 mg/ml; Sigma, St. 

Louis, MO, USA). Twenty-four hours later, the culture medium was replaced with a mixture 

of 96.5% Neurobasal medium (Thermo), 2% B-27 (Thermo), 0.5% glutamine (2 mM), and 

1% PSN. After 72 h, this medium was replaced with a glutamine-free version of the same 
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medium, and the cells were grown for 10 more days before carrying-out experiments. For 

primary cultures of hippocampal and/or cortical astrocytes, the suspension of single cells 

(obtained as before) was suspended in a medium consisting of MEM with 3.7 g/L NaHCO3 

and 1.0 g/L D-glucose, 5% FBS, 1% PSN and then placed in cell culture flasks. The culture 

the medium was changed within 24 hours of seeding and twice weekly thereafter. After cell 

expansion, astrocytes were plated at high density on 20-mm coverslips (for Ca2+ imaging 

and immunocytochemical studies) or 35-mm six-well plates for HPLC measures. For co-

cultures of APP KO astrocytes and WT hippocampal neurons, primary cultures of APP KO 

astrocytes were prepared as described above and plated onto 12-mm coverslips. When the 

astrocytes had formed a monolayer, hippocampal neurons were plated on at low density 

(15,000 cells/well, in order avoid contamination of APP-KO astrocytes with WT astrocytes) 

in neuronal culture medium (see above).

Recombinant tau preparation and oligomerization

Recombinant tau protein was prepared from the 4R/2N construct containing C-terminal 6× 

His-tag expressed in Escherichia coli (Rosetta), as previously described in Fà et al., 2016. 

Oligomerization was achieved through incubation with 1 mM H2O2 at room temperature for 

20 hours. Upon oligomerization excess H2O2 was removed from the sample by buffer 

exchange. Tau protein concentration was determined from the absorption at 280 nm with an 

extinction coefficient of 7450 cm−1 M−1.

Human AD Tau preparation

AD Tau was isolated as previously described (Fà et al., 2016) from prefrontal/frontal cortex 

of AD patients. Human tissue was provided by the New York Brain Bank–The Taub 

Institute, Columbia University. Tissue was homogenized in acidic buffer containing 1% 

perchloric acid, purified by anion exchange chromatography and oligomerized as described 

above.

Assessment of tau uploading into cultured neurons and astrocytes

Oligomeric tau preparations were labelled with the IRIS 5-NHS active ester dye (IRIS 5; 

λex: 633 nm; λem: 650-700 nm; Cyanine Technology, Turin, Italy) as previously described 

(Fà et al., 2016). Briefly, tau solutions (2 μM in PBS) were mixed with 6 mM IRIS 5 in 

dimethyl sulfoxide for 4 hours in the dark under mild shaking conditions. After this time, 

labeled tau was purified with Vivacon 500 ultrafiltration spin columns (Sartorius Stedim 

Biotech GmbH, Goettingen, Germany) and then resuspended in PBS and used at final 

concentration of 100 nM. Immunocytochemistry and confocal microscopy were performed 

in cells treated with IRIS 5-labelled oligomeric tau for either 1 or 7 hours. All experiments 

were repeated at least 3 times. To quantify the amount of cellular internalization of tau, the 

parameter “internalization index” was introduced by multiplying the percentage of 

astrocytes or neurons internalizing fluorescent proteins in each analyzed microscopic field 

by the mean number of fluorescent spots inside cells.
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Confocal Ca2+ imaging

Confocal Ca2+ imaging was performed as previously described (Iacopino et al., 2014; 

Santoro et al., 2014) with minor modifications. Briefly, cultured hippocampal astrocytes 

(either WT or APP KO) were incubated for 30 min at 37 °C with the Ca2+ sensitive 

fluorescent dye Fluo-4 AM (2.5 μM, Thermo) in Tyrode's solution containing (in mM): 150 

NaCl, 4KCl, 1MgCl2, 10 glucose, 10 HEPES and 2 CaCl2 (pH adjusted to 7.4 with NaOH). 

The dye-loaded cells were washed and maintained on coverslips for 20 min at RT in fresh 

Tyrode's solution to allow complete dye de-esterification. Coverslips were then transferred to 

a perfusion chamber placed on the stage of an inverted confocal microscope (TCS-SP2; 

Leica). Fluo-4-loaded cells were excited with the 488-nm line of an Ar/ArKr laser, and the 

emission signal was collected by a photomultiplier within a spectral window ranging from 

500 to 535 nm. The amplitude of Ca2+ signals was estimated as ΔF/F = (Ft- Fpre)/(Fpre-

Fbgnd), where Ft is the mean of fluorescence intensities measured at a given time (t) in a 

region of interest (ROI) traced around each cell body; Fpre is the basal fluorescence intensity 

in this ROI; and Fbgnd is background fluorescence intensity measured in an area of the 

imaged field lacking dye-filled structures. Intracellular Ca2+ transients were obtained 

following ATP exposure (100 μM for 10 s). Intracellular Ca2+ waves triggered by ATP 

stimulation were studied throughout 30-min recordings.

High Performance Liquid Chromatography (HPLC) measurements

For HPLC measurements astrocytes were cultured in 30-mm wells and treated for 1 hour 

with tau or vehicle in Tyrode's solution. At the end of treatment tau- or vehicle-containing 

Tyrode's solution was withdrawn from each well and samples were deproteinized as 

described in details elsewhere (Tavazzi et al., 2005). Briefly, samples were transferred to an 

Eppendorf tube equipped with a filtering membrane of 3KDa cut-off (Nanosep® Centrifugal 

Devices, Pall Gelman Laboratory, Ann Arbor, MI, USA) and centrifuged at 10,500 × g for 

30 min at 4 °C. The protein-free ultrafiltrate fluids were directly injected onto the HPLC 

column and analyzed to determine concentrations of ATP, ADP, glutamate (Glu), glutamine 

(Gln) and serines (Ser, both L- and D-). The two nucleotides were separated and quantified 

according to an ion-pairing HPLC method previously set up (Tavazzi et al., 2005), whilst the 

amino acids were analyzed as ortophtalaldehyde (OPA) derivatives using a different method 

with pre-column derivatization (Amorini et al., 2012; Amorini et al., 2016). For both 

analyses, the HPLC apparatus consisted of a SpectraSystem P4000 pump and a highly 

sensitive UV6000LP diode array detector (ThermoElectron Italia), equipped with a 5-cm 

light-path flow cell, set up between 200 and 400 nm wavelength for acquisition of 

chromatographic runs. Data were acquired and analyzed by ChromQuest® software package 

provided by the HPLC manufacturer. Separation of the various compounds was carried out 

using a Hypersil 250 × 4.6 mm, 5 μm particle-size column, which was provided with its own 

guard column (ThermoElectron Italia). Species identification and quantification in 

deproteinized samples of extracellular medium was determined by matching retention times, 

peak areas and absorption spectra of those of freshly prepared ultrapure standards. If needed, 

co-chromatograms were performed by adding proper standards with known concentration to 

the medium samples. The concentrations of ATP and ADP were determined at 260 nm 

wavelength and those of OPA-derivatized amino acids were calculated at 338 nm 

wavelength.
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Whole-cell patch-clamp recordings

Electrophysiological recordings were carried out as described in Ripoli et al. (2013 and 

2014) with some modifications. Briefly, neuronal cultures were maintained at RT in an 

external Tyrode's solution containing 4 mM CaCl2 instead of 2 mM. Patch pipettes, 

fabricated from borosilicate glass capillaries with the aid of a micropipette puller (P-97; 

Sutter Instruments) had resistances of 4–6 MΩ when filled with an internal solution that 

contained the following (in mM): 146 K-gluconate, 18 HEPES, 1 EGTA, 4.6 MgCl2, 4 

MgATP 4, 0.3 Na2GTP, 15 phosphocreatine (all chemicals were purchased from Sigma). 

Access resistance and membrane capacity were monitored before and at the end of the 

experiments to evaluate recording stability and cell health. Recordings were considered to be 

stable when the series and input resistances and resting membrane potential varied less than 

20% of the initial value. Recordings were obtained with a Multiclamp 700B amplifier, 

connected to a Digidata 1440 series digital interface and Clampex 10.4 software (Molecular 

Devices, Sunnyvale, CA). After establishing a gigaseal, the cell membrane was ruptured to 

establish the whole-cell configuration, then at least 3 min were allowed for patch 

stabilization and cytosol dialysis. The membrane potential was voltage-clamped at -70 mV 

and miniature excitatory post-synaptic currents (mEPSCs) were recorded in 60-s epochs. All 

electrophysiological recordings were analyzed using the Clampfit 10.6 software (Molecular 

Devices). For mEPSC frequency analysis, a template was constructed using the “Event 

detection / create template” function, as previously described in Ripoli et al. (2013). Then, 

mEPSCs were detected using the “Event detection / template search” function; the “template 

match threshold” was set to 3.5 and the result inspected for false positives. For mEPSC 

amplitude analysis, all the waveforms detected during a single recording using template 

analysis were averaged and the corresponding amplitude calculated.

Immunocytochemistry

Immunocytochemistry was performed as previously described (Ripoli et al., 2013; Piacentini 

et al., 2015). Cells were treated with oligomeric tau (100 nM, either native or labelled with 

IRIS-5) for 1 hour and then fixed with 10% formalin solution neutral buffer (Sigma) for 10 

min at RT. After being permeabilized (15 min incubation with 0.3% Triton X-100 [Sigma] in 

PBS), cells were incubated for 20 min with 0.3% BSA in PBS to block nonspecific binding 

sites. Hippocampal co-cultures of astrocytes and neurons cells were incubated overnight at 

4 °C with different pairs of the following antibodies in the blocking solution: rabbit anti-

microtubule associated protein 2 (MAP2, 1:500; Sigma) and mouse anti glial fibrillary 

acidic protein (GFAP, 1:500; Cell Signalling Technology Inc., Danvers, MA); or mouse anti-

MAP2 (1:500; Immunological Sciences, Rome, Italy) and rabbit anti-synapsin-1 XP (1:300; 

Cell Signalling); or rabbit anti-MAP2 (1:500; Sigma) and mouse anti-synaptophysin (1:300; 

Immunological Sciences); or mouse anti-MAP2 and rabbit anti-GluR1 (1:300; Cell 

Signaling); or mouse anti-MAP2 and rabbit anti-PSD-95 (1:300; Cell Signaling). The next 

day, cells were incubated for 90 min at RT with a mixture of the following secondary 

antibodies: Alexa Fluor 546 donkey anti-rabbit (1:1,000; Thermo) and Alexa Fluor 488 

donkey anti-mouse (1:1,000; Thermo). Finally, nuclei were counterstained with 4′,6-

diamidino-2-phenylindole (DAPI, 0.5 μg/mL for 10 min; Thermo), and cells were 

coverslipped with ProLong Gold anti-fade reagent (Thermo).
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To study dendritic spines, cells were incubated overnight with mouse anti-MAP-2 (1:500; 

Immunological Sciences) and the next day incubated with Alexa Fluor 488 anti-mouse for 

90 min. After this treatment cells were treated with rhodamine-labelled phalloidine 

(Thermo) to stain F-actin, that is markedly expressed in dendritic spines.

For co-cultures of APP-KO astrocytes and WT astrocytes expressing eGFP, cells were 

incubated overnight at 4 °C with mouse anti glial fibrillary acidic protein (GFAP, 1:500, Cell 

Signalling). The next day, cells were incubated for 90 min at RT with the secondary 

antibodies Alexa Fluor 488 donkey anti-mouse (1:1,000; Thermo).

Confocal stacks made of images (1024×1024 pixels) were acquired at 60× magnification 

with a confocal laser scanning system (A1+, Nikon, Tokyo, Japan) and an oil-immersion 

objective (N.A. 1.4; physical pixel size: 210 nm). For some images, additional 2× 

magnification was applied. Fluorescent dyes were excited with diode lasers (405, 488, 546 

and 633 nm). All experiments were repeated at least 3 times, and at least 10 randomly 

chosen microscopic fields were analyzed for each condition.

Hippocampal slice cultures and immunohistochemistry

Hippocampal organotypic slice (350 μm) cultures were prepared from postnatal day 4-7 

Wistar rats through a McIllwain tissue chopper as described in Bosch et al., 2014. Cutting 

solution contained the following (in mM): 2.5 KCl, 25.6 NaHCO3, 1.15 NaHPO4, 11 D-

Glucose, 238 Sucrose, 1 CaCl2 and 5 MgCl2. Slices were cultured at 35°C on interface 

membranes (Millipore) and fed with MEM media containing 20% horse serum (GIBCO), 27 

mM D-glucose, 6 mM NaHCO3, 1 mM CaCl2, 1 mM MgSO4, 30 mM HEPES, 0.01 % 

ascorbic acid and 1 μg/ml insulin. pH was adjusted to 7.3 and osmolality to 300-320 mOsm. 

Medium was changed every 48 h. After 10-day culture organotypic slice were treated with 

100 nM of fluorescent IRIS-5 labelled oTau for 1 hour and then fixed overnight at 4°C with 

paraformaldehyde (4% in PBS). The following day slices were incubated with blocking 

buffer containing PBS with 3% normal goat serum (NGS, Sigma) and 2% Triton-X 100 for 2 

hours at RT. The following day, slices were treated with one of the following primary 

antibodies diluted 1:200 in PBS containing 1% NGS and 0.5 %Triton-X100: rabbit anti-

GFAP (Cell Signalling); rabbit anti-IBA1 (Biocare Medical, Pacheco, CA); and rabbit anti 

NeuN (1Cell Signalling) were for 48 h at 4°C. Then, slices were incubated with secondary 

antibody Alexa Fluor 488 donkey anti-rabbit (1:500; Thermo) for 2h at RT and nuclei were 

counterstained with (DAPI, 1:1000; Thermo). Finally, slices were coverslipped with 

ProLong Gold anti-fade reagent (Thermo). Confocal stacks made of images (1024×1024 

pixels) were acquired at 40× magnification with a confocal laser scanning system (A1+, 

Nikon) and an oil-immersion objective (N.A. 1.4; physical pixel size: 210 nm). Additional 

3× magnification was applied. Fluorescent dyes were excited with diode lasers (405, 488 

and 633 nm).

Western Blot

Western blot experiments were carried out as previously described (Ripoli et al., 2013; 

Piacentini et al., 2015). Wild-type hippocampal neurons cultured with either WT or APP KO 

astrocytes for 14 days in vitro (DIV) were treated with 100 nM oTau or vehicle for 1 hour 
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prior to be washed twice with PBS and scraped in cold RIPA buffer containing 1 mM 

phenylmethylsulfonyl fluoride, phosphatase and protease inhibitor mixtures (Sigma), and 

0,1% sodium dodecyl sulfate. After incubation for 15 min on ice, cellular suspensions were 

centrifuged (10,000 × g for 30 min at 4 °C) and the supernatants were collected and assayed 

to determine their protein concentration (Micro BCA protein assay, Thermo). Equivalent 

amounts of proteins (50 μg) were loaded onto either 10% tris-glycine polyacrylamide gels 

for electrophoretic separation and then electroblotted onto nitrocellulose membranes for 

Western blot analysis. Membranes were blocked with 5% nonfat dry milk in tris-buffered 

saline containing 0.1% Tween-20 for 1 hour at RT and incubated with primary antibodies 

(rabbit polyclonal anti synapsin-1 XP, Cell Signaling; mouse monoclonal anti 

synapthophysin, Immunological Science; rabbit polyclonal anti GluR1, Millipore; anti rabbit 

PSD-95, Cell Signaling; mouse monoclonal anti-α tubulin, Sigma; at a final concentration of 

1 μg/mL). After incubation with appropriate secondary horseradish peroxidase-conjugated 

antibodies (1:2,000; Cell Signaling), visualization was performed with ECL plus (GE 

Healthcare, Amersham Place, Buckinghamshire) using either UVItec Cambridge Alliance. 

Molecular weights for immunoblot analysis were determined using BenchMark™ Pre-

Stained Protein Ladder (Thermo). Densitometric analysis was carried out with Image J 

software. Experiments were repeated at least 3 times.

FM1-43 imaging

FM1-43 imaging was performed as described (Gaffield and Betz, 2006), with some 

modification. Briefly, culture medium of mouse hippocampal neurons cultured on 20-mm 

diameter glasses was replaced with Tyrode's solution and after 2 min cells were exposed for 

1 min to 5 μM FM1-43 (Thermo) in Tyrode's solution. After this time, cells were exposed 

for 1 min to 5 μM FM1-43 in depolarizing Tyrode's solution (containing 50 mM KCl) in 

order to induce massive vesicle release and vesicle staining with FM1-43. After this step, 

cells returned to normal Tyrode's solution containing FM1-43 for 1 min and then in Tyrode's 

solution containing 200 μM Advasep™-7 (Sigma) for 2 min. FM1-43 fluorescence was 

excited by Argon laser at 488 nm and fluorescence recorded in a spectral window ranging 

from 520 to 650 nm. FM1-43 destaining was obtained by re-exposing FM1-43 labelled cells 

to 50 mM KCl for 1 min in normal Tyrode's solution.

Statistics

Statistical comparisons were performed with Systat 10.2 software. All data were expressed 

as mean ± standard error of the mean (SEM) and followed normal distribution, as assessed 

by the same software. In order to assess whether tau treatment significantly affected the 

measured parameters, the two-tailed Student's t test was used. One-way ANOVA with 

Student-Newman-Keuls's (SNK) post-hoc test was used for multiple-comparisons. For 

experiments that included fewer than 10 observations (e.g. densitometric analysis of western 

blotting data), or for non-normally distributed data, the Mann-Whitney (Wilcoxon) statistic 

was used. The level of significance was set at 0.05.

In all experiments the operators were blind to the study conditions.
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Ethics Statement

All methods were carried out in accordance with the guidelines approved by the Ethics 

Committee of the Catholic University. All experimental and animal procedures were fully 

compliant with Italian (Ministry of Health guidelines, Legislative Decree No. 116/1992) and 

European Union (Directive No. 86/609/EEC) legislation on animal research. Efforts were 

made to limit the number of animals used and to minimize their suffering.

Results

Tau protein enters astrocytes more efficiently than neurons in vitro

We started investigating tau internalization in mixed cultures of hippocampal astrocytes and 

neurons obtained from C57/bl6 mice. To address this issue we labeled the N-terminus of tau 

with the fluorophore IRIS-5 ester dye and studied its intracellular localization by confocal 

microscopy. One hour after the extracellular application of IRIS-5-labelled oligomeric 

recombinant human tau (4R/2N; oTau, 100 nM), we found a more abundant and rapid 

accumulation of the protein in astrocytes than in neurons. In fact, at the end of the treatment, 

only a few fluorescent puncta corresponding to tau oligomers were found in neurons 

(identified by MAP2 immunoreactivity), compared to the high number of puncta observed in 

astrocytes (GFAP-positive cells; Fig. 1).

We quantified the intracellular accumulation of ex-oTau in the two cellular populations of 

our culture, i.e., MAP2-positive and GFAP-positive cells. We found that 96±3% of 

astrocytes (n=71 cells analyzed in 14 fields) and 85±6% of the neurons (n=41 cells in 14 

microscopic fields) exhibited tau accumulation. Notably, the mean number of intracellular 

fluorescent spots was significantly higher in astrocytes (11.3±1.0) than in neurons (2.5±0.3). 

To provide an overall estimate of the protein uploading from these two cell populations we 

defined the “internalization index” (see methods) that was 12.6±1.9 for astrocytes and 

2.5±0.5 for neurons (P=5.14×10-5 assessed by Student's t test; t=-4.9, dof=25; Fig. 1D). We 

also validated our findings in a more complex system. Specifically, the fluorescently-

labelled oTau (IRIS-5, 100 nM) applied to the culture medium of organotypic brain slices for 

1 hour was uploaded by astrocytes (GFAP-positive) and microglia (IBA1-positive), but very 

poorly by neurons (NeuN-positive cells; Supplementary Fig. 1).

Collectively, these data indicate that astrocytes exhibit much greater avidity for tau than 

neurons. Based on these results, short-lasting (i.e., 1-hour) ex-oTau treatments of 

hippocampal neuron and astrocyte co-cultures were used in subsequent experiments to 

determine the specific contribution of astrocytes to tau-induced synaptic dysfunction.

Tau treatment affects intracellular Ca2+ signals in cultured astrocytes

We then analyzed the functional alterations induced by ex-oTau internalization in astrocytes. 

Astrocyte functions are primarily regulated by intracellular Ca2+ transients (Scemes and 

Giaume, 2006). In primary cultures of astrocytes treated with either vehicle or ex-oTau we 

studied Ca2+ signals by confocal Ca2+ imaging. We started analyzing intracellular Ca2+ 

transients elicited by extracellular application of ATP and found that vehicle-treated 

astrocytes responded to ATP (100 μM for 10 s) with Ca2+ transients whose mean amplitude, 
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quantified as ΔF/F, was 14.3±1.2 (n=89; Fig. 2A). Moreover, ATP stimulation triggered 

spontaneous Ca2+ transients whose mean frequency and amplitude were: 22.5±0.7 

oscillations/10 min and 1.9±0.3 ΔF/F, respectively (Fig. 2B). Cultured astrocytes treated for 

1 hour with 100 nM ex-oTau exhibited a significant reduction in the amplitude of ATP-

induced Ca2+ transients (8.0±0.7, n=92, P=1.1×10-5 assessed by two-tailed t-test [t=4.5, dof: 

179]; Fig. 2A,C) as well as in the frequency (15.7±0.9 oscillations/10 min, P=4.2×10-8) and 

amplitude (1.1±0.2 ΔF/F; P=0.004, t=5.7, dof: 179) of Ca2+ waves (Fig. 2B,D,E).

Tau treatment affects gliotransmitter release from astrocytes

It is known that ATP-induced calcium waves in astrocytes regulate the release of 

gliotransmitters, including glutamate, D-serine and ATP itself. ATP-induced ATP release 

contributes to sustain and propagate Ca2+ waves and the released ATP may be converted to 

ADP by ectonucleotidases in the extracellular medium (Burnstock, 2007). The ATP-

dependent gliotransmitter release is directly involved in modulating synaptic transmission 

and plasticity (Zorec et al., 2016a; De Pittà et al., 2016). By using HPLC we measured the 

amount of gliotransmitters released extracellularly by cultured astrocytes during 1-hour 

treatment with either vehicle or 100 nM ex-oTau. To avoid any possible confounding effects 

exerted by components of the astrocyte culture medium, vehicle and tau treatments were 

carried out in Tyrode's solution, and gliotransmitters were measured in the conditioned 

medium (see methods). In agreement with the observed reduction in intracellular Ca2+ 

signals, we found that tau treatment significantly reduced the levels of gliotransmitters 

released extracellularly, with ATP being the most affected one. In fact, ATP levels were 

reduced by 73±7% respect to vehicle-treated cultures (from 93±27 to 28±13 nM; P=0.0053 

assessed by Mann-Whitney test, n=5 replicates), whereas glutamate, glutamine and serine 

(both L- and D-) were reduced by 52±5% (from 0.91±0.14 to 0.45±0.11 μM), 61±14% 

(from 33.6±8.4 to 12.2±4.5 μM) and 55±2% (from 15.2±0.8 to 6.2±0.5 μM), respectively 

(P=0.036 for each comparison). Conversely, ADP levels increased following tau treatment 

(+28±13%; P=0.036; Fig. 3).

Tau-induced inhibition of synaptic vesicle release and synaptic protein expression are 
rescued by extracellular application of ATP

Previous works demonstrated that extracellular application of oTau affects synaptic function 

(Guerrero-Muñoz et al., 2015; Fà et al., 2016). It is also known that alterations in 

gliotransmitter release from astrocytes markedly influences synaptic transmission and 

plasticity. To determine the role of altered gliotransmitter release in tau-induced synaptic 

dysfunction, we performed patch-clamp and FM1-43 imaging experiments evaluating the 

impact of 1-hour ex-oTau treatment on basal synaptic transmission and synaptic vesicle 

release in mouse hippocampal neurons at DIV 14 grown in co-culture with astrocytes. We 

found that both the frequency and the amplitude of mEPSCs dropped from 5.9±0.6 Hz and 

12.8±1.6 pA in vehicle-treated cells [n=27] to 3.2±0.5 Hz and 7.2±0.8 pA in cultures 

exposed to 100 nM ex-oTau for 1 hour [n=23] (two tailed Student's t test: P=1.1×10-3; 

t=3.46; dof=48, and P=0.4×10-2; t=-3.02; dof=48, respectively, Fig. 4A,B). The effects of 

oTau on basal synaptic transmission were dose-dependent. Indeed, the frequency and 

amplitude of mEPSCs after 1-h treatment with 10 nM oTau were 6.3±0.5 Hz and 10.6±1.1 

pA, respectively [n=27], whereas these values were reduced to 3.1±0.4 Hz and 6.3±0.6 pA 
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[n=19] after application of higher doses of ex-oTau (1000 nM; Supplementary Fig. 2). One-

way ANOVA performed among vehicle, 10, 100 and 1000 nM oTau (F3,92=10.88 

[P=3.0×10-6] and F3,92=6.62 [P=4.2×10-4], respectively for frequency and amplitude) 

followed by SNK post-hoc test revealed that the differences between vehicle and 10 nM 

oTau were not statistically significant (P=0.556 for frequency and P=0.153 for amplitude of 

mEPSCs), whereas a significant difference was observed between 10 and 100 nM ex-oTau 

(P=5.1×10-4 and P=0.039 for frequency and amplitude, respectively). The effects of 1000 

nM ex-oTau were instead similar to those of 100 nM (P=0.927 for frequency and P=0.619 

for amplitude of mEPSCs), thus indicating that the latter concentration is sufficient to exert 

maximal impairment of synaptic transmission.

KCl-stimulated vesicular release (studied by FM1-43 imaging) was also significantly 

impaired in hippocampal neurons treated with 100 nM ex-oTau for 1 hour (P=0.032, Mann-

Whitney test; n=10 and 7 for vehicle and tau, respectively; Fig. 4C). Synaptic function 

alterations following tau treatment were paralleled by a significant decrease in the 

expression of the presynaptic proteins synapsin-1 and synaptophysin, two key synaptic 

proteins involved in the release and fusion of neurotransmitter-containing synaptic vesicles, 

and the postsynaptic protein GluR1 which, as revealed by Western blot analysis, were 

reduced by 59±7%, 45±7% and 27±1% respectively (P=0.037 vs. vehicle assessed by Mann-

Whitney test, n=3 replicates; Fig. 4D,E). These findings were also supported by consistent 

results obtained by immunocytochemistry (-48±6% vs. vehicle for synapsin-1 

immunoreactivity [P=2.7×10-8 assessed by two-tailed Student's t test, t=8.07, dof=24]; 

-59±11% for synaptophysin; and -26±5% for GluR1 [P=5.1×10-5; t=4.46, dof=47]; Fig. 4F-

H). No significant modifications were instead found in the expression of PSD-95 or in the 

density of dendritic spines (Supplementary Fig. 3).

To better support our findings in the context of human AD pathology, in a subset of 

experiments we evaluated the effects of human AD Tau (i.e., derived from the brain of AD 

patients) on synaptic transmission, vesicular release and synaptic protein expression. We 

found that the inhibitory effects of 100 nM ex-AD Tau on mEPSCs was not significantly 

different from that of 100 nM recombinant tau (frequency: 3.5±0.3 vs. 6.7±0.4 Hz in 

controls [P=4.3×10-6 vehicle vs. AD Tau, t=5.35, dof=38; P=0.608 AD tau vs. oTau, t=-0.51, 

dof=43]; amplitude: 5.3±0.7 vs. 12.3±1.8 pA [P=2.6×10-4 vehicle vs. AD Tau, t=-4.02, 

dof=38; P=0.06 AD Tau vs. oTau, t=1.94, dof=43]). Similar results were also obtained for 

synaptic vesicle release and synaptic proteins expression (Supplementary Fig. 4).

Among the gliotransmitters released from astrocytes, ATP was the most affected by ex-oTau 

treatment. Notably, a reduction in extracellular ATP results in impaired intracellular Ca2+ 

signaling in astrocytes with the consequent reduction in the release of other gliotransmitters, 

especially glutamate and D-serine. Therefore, we checked whether the observed 

synaptotoxic effects of tau were reverted by restoring the extracellular levels of ATP. To 

address this issue, we repeated patch-clamp, FM1-43, Western blot and 

immunocytochemistry experiments in mixed cultures of hippocampal neurons and astrocytes 

treated for 1 hour with ex-oTau plus ATP. The presence of exogenous ATP (10 μM) in the 

culture medium during ex-oTau treatment completely spared neurons from the synaptotoxic 

effects of tau (Fig. 4A-H). In fact, one-way ANOVA test performed among vehicle, ex-oTau 
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and ex-oTau+ATP (F2,71=5.90 [P=4.2×10-3] and 5.48 [P=6.3×10-3] for mEPSC frequency 

and amplitude, respectively) revealed no significant difference between vehicle and ex-oTau

+ATP (n=24; P=0.34 and 0.79, for mEPSC frequency and amplitude, respectively; assessed 

by SNK post-hoc test). Instead, the difference between ex-oTau and ex-oTau+ATP was 

statistically significant for both parameters (P=0.02 for the frequency and 0.01 for the 

amplitude of mEPSCs; SNK test). Remarkably, ATP also reverted the detrimental effects of 

AD Tau on synaptic transmission (AD Tau vs. AD Tau+ATP, P=1.2×10-4 and 2.8×10-3 for 

frequency and amplitude of mEPSCs, SNK test). Similar results were also obtained for 

vesicular release evaluated by FM1-43 imaging (Fig. 4C), and protein expression evaluated 

through western blotting and immunocytochemistry (Fig. 4D-H) when cultures were treated 

with recombinant human oTau and ATP.

Collectively, these data suggest that the earliest synaptotoxic effects of tau rely on astrocyte 

dysfunction consisting of altered Ca2+- and ATP-dependent release of gliotransmitters that, 

in turn, influences synaptic protein levels, synaptic vesicle release and post-synaptic currents 

in neighboring neurons. To further test this hypothesis, we mimicked the action of tau on 

astrocytes by metabolically inhibiting them with fluorocitrate (FC) (Swanson and Graham, 

1994). Notably, fluorocitrate inhibits astrocytes without directly affecting neurons. We found 

that application of FC (100 μM) for 1.5 hours altered basal synaptic transmission and 

synaptic protein expression similarly to ex-oTau (Supplementary Fig. 5). In fact, ANOVA 

test revealed significant differences between vehicle- and FC-treated neurons in terms of 

frequency (3.1±0.4 Hz [n=25], F2,67=9.91 [P=1.7×10-4]; P=4.5×10-4 assessed by SNK post-
hoc test) and amplitude (9.2±1.2 pA, respectively; F2,67=4.56 [P=0.014]: P=0.026 assessed 

by SNK test) of mEPSCs but not between FC and ex-oTau (P=0.75 and P=0.51, respectively 

for frequency and amplitude, assessed by SNK test). Synaptic protein levels (e.g. 

synaptophysin) were also significantly lowered in FC-treated neurons with respect to 

vehicle-treated cultures.

APP is necessary for tau internalization in astrocytes and changes in intracellular Ca2+ 

signaling and gliotransmitter release

To validate the role of astrocytes in the synaptotoxic action of tau we investigated the effects 

of ex-oTau in hippocampal neurons plated onto astrocytes that are unable to upload tau from 

the extracellular medium. Previous studies demonstrated that internalization of extracellular 

tau depended on its interaction and binding with heparan sulfate proteoglycans (HSPG) 

(Holmes et al., 2013; Mirbaha et al., 2015). It is also known that APP and HSPG likely 

interact at the plasma membrane (Reinhard et al., 2013) and in the absence of proteins 

belonging to the APP superfamily HSPG are rapidly degraded (Cappai et al., 2005). 

Moreover, in 2015 Takahashi and colleagues demonstrated that the extracellular domain of 

APP is necessary for seed-dependent tau aggregation at extracellular level and accelerates 

intracellular tau aggregation, thus supporting the hypothesis that APP may act as a receptor 

for extracellular tau. Based on these observations we checked whether cells lacking APP 

were unable to upload ex-oTau. This hypothesis was verified by applying ex-oTau to co-

cultures of astrocytes obtained from both APP-KO mice and WT mice expressing eGFP. 

Expression of eGFP in WT mice allowed us to distinguish the two cell populations. 

Consistent with our hypothesis, when IRIS-5-labelled oTau was applied to these co-cultures, 
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ex-oTau internalization was observed in WT but not in APP-KO astrocytes (Fig. 5A). 

Internalization index evaluated for APP-KO astrocytes was significantly lower respect to 

APP WT astrocytes (1.7±0.2 vs. 12.6±1.9, respectively; P=1.5×10-3; t=3.73, dof=18).

Next, we measured whether APP-KO astrocytes displayed changes in intracellular Ca2+ 

transients and waves following tau exposure. Treatment of APP-KO astrocyte cultures with 

100 nM ex-oTau for 1 hour revealed no significant changes in the amplitude of ATP-induced 

Ca2+ transients with respect to vehicle-treated APP-KO astrocytes (9.6±0.5 vs. 10.0±0.8; 

n=42 and 45, respectively; Fig. 5B) although, as previously reported (Linde et al., 2011), the 

mean amplitude of Ca2+ transients was smaller than that of vehicle-treated WT astrocytes 

because of reduced Ca2+ levels in the endoplasmic reticulum. Similar results were obtained 

for Ca2+ wave frequency (21.4±1.6 vs. 20.9±2.1 oscillations/10 min, respectively) and 

amplitude (1.1±0.2 vs. 1.2±0.2; Fig. 5C,D) that were not affected by ex-oTau treatment. 

These data indicate that tau-induced alterations in intracellular Ca2+ signaling depend on tau 

internalization within astrocytes, and gliotransmitter release from APP-KO astrocytes was 

not affected by ex-oTau application (Fig. 5E).

Synaptic function is spared by tau-induced changes in WT neurons cultured on APP-KO 
astrocytes

To further investigate correlation among ex-oTau accumulation in astrocytes, altered 

gliotransmitter release and tau-induced synaptic changes, we cultured hippocampal neurons 

obtained from WT mice on a layer of astrocytes derived from APP-KO mice and exposed 

these co-cultures to 100 nM ex-oTau for 1 hour before studying basal synaptic transmission, 

KCl-mediated vesicular release, and the expression of synaptic proteins. In contrast to what 

occurred in WT neurons co-cultured with WT astrocytes, tau did not exert any significant 

adverse effects in WT neurons co-cultured with APP-KO astrocytes (Fig. 6A-G). 

Collectively, these findings support our hypothesis that altered gliotransmission following 

tau internalization in astrocytes underlies the earliest synaptotoxic action of tau.

Discussion

In this study, we demonstrated that extracellular application of both recombinant oligomeric 

tau and tau isolated from brains of AD patients depresses synaptic transmission in vitro 
through a mechanism directly involving the impairment of gliotransmitter release from 

astrocytes. Both astrocytes and neurons are targets of extracellular tau oligomers but, at least 

in the very early phases of tau exposure, astrocytes uploaded tau more rapidly and 

abundantly than neurons. After 1-hour exposure the accumulation of tau in neurons was very 

scarce and it became evident only after several hours of treatment (Fà et al., 2016). 

Therefore we used this experimental model (i.e., short-lasting tau treatments) to identify the 

specific contribution of astrocytes to the tau-induced synaptic dysfunction. Following 1-hour 

exposure to ex-oTau hippocampal neurons co-cultured with astrocytes exhibited: i) reduced 

levels of presynaptic and post-synaptic proteins (synapsin-1, synaptophysin and GluR1); ii) 

a significant decrease of evoked vesicular release; and iii) a significant reduction of mEPSC 

frequency and amplitude. These findings suggest that tau-accumulating astrocytes 

significantly contribute to the synaptic depression induced by oTau.
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It is known that astrocytes strongly affect synaptic transmission through Ca2+-dependent 

release of a plethora of gliotransmitters that include glutamate, D-serine and ATP (Araque et 

al., 1998; Fields and Burnstock, 2006; Jourdain et al., 2007; Perea and Araque, 2010; Zorec 

et al., 2016a). Calcium-dependent release of gliotransmitters have been reported to modulate 

synaptic transmission in a very complex way, depending on the type of gliotransmitter 

involved, the type of receptors it stimulates, and the pre- or postsynaptic localization of the 

receptor (De Pittà et al., 2016). For example, Ca2+-dependent releases of glutamate and its 

co-agonist D-serine from astrocytes (that depend on extracellular ATP) may activate 

presynaptic NMDA receptors and/or metabotropic receptors as mGluR5 (D'Ascenzo et al., 

2007; Fellin et al., 2007; Hamilton et al., 2010), as well as non-synaptic NMDARs (Araque 

et al., 1998), that increase the probability of neurotransmitter release. The same molecules 

may bind to receptors on the post-synaptic side thus also affecting the amplitude of 

excitatory post-synaptic currents. Consisting with these observations, we found that 1-hour 

treatment with ex-oTau causes alteration of evoked and spontaneous intracellular Ca2+ 

signaling that is fundamental for gliotransmitter release from astrocytes. Indeed, the amount 

of ATP, glutamate, serines, and glutamine released extracellularly by tau-treated astrocytes 

was significantly lowered if compared to vehicle-treated ones. On the contrary, ADP, that is 

obtained from extracellular ATP by the action of ectonucleotidases (Burnstock, 2007), 

increased significantly. We then cannot exclude that the higher reduction in ATP levels we 

observed following tau treatment, compared to the other gliotransmitters, may be partly due 

to degradation of extracellularly released ATP to ADP.

We have found tau-induced changes in synaptic function following ATP stimulation. The 

role of ATP in modulating synaptic transmission between neurons is quite controversial. 

ATP and its derivative purines, ADP and adenosine, are known to regulate synaptic 

transmission through the activation of a wide family of purinergic P2 receptors (ionotropic 

P2XRs and metabotropic P2YRs and their subfamily) located on the pre- and postsynaptic 

membranes thus resulting in a very complex modulation of glial-neuron crosstalk and 

synaptic transmission (Del Puerto et al., 2013; Fields and Burnstock, 2006; Lalo et al., 

2016). If ATP released in the synaptic cleft binds ionotropic P2X receptors (e.g. 1, 2/3, and 

3) at the presynaptic membrane it promotes glutamate release; on the contrary, if it binds 

metabotropic P2Y receptors (e.g. 1, 2 and/or 4) it triggers an inhibitory action (Koizumi et 

al., 2003; Pougnet et al., 2014; Rodrigues et al., 2005; Sun et al., 2016). Moreover, ATP 

itself, by activating metabotropic purinergic receptors P2Y located on the membrane of 

astrocytes, triggers intracellular IP3 production that sustains intracellular Ca2+ waves and the 

consequent release of glutamate and D-serine (De Pittà et al., 2016). Finally, ADP and 

adenosine have been proven to have an inhibitory effect on glutamatergic transmission 

(Pascual et al., 2005).

Do the inhibitory effects we observed in hippocampal neurons after ex-oTau exposure 

depend on the reduced expression of synaptic proteins following impaired gliotransmitter 

release, or on a direct effect of the gliotransmitters? Our functional measurements (i.e., 

patch-clamp recordings and FM1-43 imaging) were carried out in Tyrode's solution that did 

not contain either ATP or other gliotransmitters. Therefore, the inhibition of synaptic 

transmission we observed after tau treatment is unlikely to depend upon a “direct” receptor 

activation by gliotransmitters. It is likely, instead, that the reduced release of ATP, glutamate 

Piacentini et al. Page 14

Glia. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and D-serine from tau-accumulating astrocytes, along with the increased ADP levels, have a 

net negative impact on the molecular machinery controlling synaptic transmission through 

changes in synaptic protein expression.

The ability of ex-oTau to reduce presynaptic protein expression in mice was proposed some 

years ago (Lasagna-Reeves et al., 2011) and a few papers have reported that tau-transgenic 

mice exhibiting accumulation of oTau also display a significant reduction of synatophysin 

(Garringer et al., 2013; Yoshiyama et al., 2007). We have now demonstrated that 

administration of extracellular ATP to the culture medium of tau-treated neurons prevents 

the synaptotoxic action of tau, thus indicating that the effects of tau on synaptic protein 

expression and synaptic transmission involve extracellular ATP availability. These results are 

in line with those of Jung and co-workers (Jung et al., 2012) that demonstrated the protective 

action of extracellular ATP against Aβ42 synaptotoxic action.

Further confirmation that astrocytes mediate the early synaptotoxic action of tau by reducing 

the availability of ATP, and ATP-dependent gliotransmitters in the extracellular space, comes 

from experiments carried out after metabolically inhibiting astrocytes with fluorocitrate (that 

targets astrocytes but not neurons) and from experiments in which WT hippocampal neurons 

were plated on a monolayer of APP-KO astrocytes. In the former experiments hippocampal 

neurons co-cultured with FC-inhibited astrocytes exhibited the same synaptic alterations of 

tau-treated cultures; in the latter, hippocampal neurons bearing APP (that may internalize ex-

oTau) co-cultured with APP-KO astrocytes (that cannot internalize ex-oTau and are not 

affected by tau treatment in terms of Ca2+-dependent gliotransmitter release) did not exhibit 

alterations in miniature release of neurotransmitter, synaptic vesicle release, and synaptic 

protein expression following 1-hour tau treatment.

Remarkably, results of our immunocytochemical experiments provide novel evidence that 

APP expression is fundamental for tau uploading from astrocytes. Different mechanisms 

may underlie APP-mediated tau internalization: i) APP may act as receptor for tau, as 

proposed for uptake of extracellular fibrils (Takahashi et al., 2015); or ii) it may affect HPSG 

expression (Cappai et al., 2005; Reinhard et al., 2013) that has been also demonstrated to be 

necessary for tau internalization in neurons (Holmes et al., 2013; Mirbaha et al., 2015).

In conclusion, our data demonstrate that astrocytes significantly contribute to the 

synaptotoxic action of oTau likely cooperating with the direct action exerted by this 

misfolded protein in neurons (Fà et al., 2016). Tau rapidly and abundantly internalizes in 

astrocytes, alters spontaneous intracellular Ca2+ transients in these cells thus reducing the 

amount of ATP and the other gliotransmitters released in the extracellular medium. The 

reduced availability of gliotransmitters, along with the increased levels of inhibitory purines, 

such as ADP, negatively impacts on presynaptic vesicular release thus leading to a reduction 

of synaptic protein expression and a depressed transmission in the neighboring neurons. In 
vivo, the scenario is more complex than that analyzed in our experimental models because of 

brain mechanisms other than purinergic signals (e.g. adrenergic signals) modulating glial 

function and glial-to-neuron communication in response to stressful and/or pathological 

stimuli (Braun et al., 2014; Franke et al., 2012). Nonetheless, our findings unveil the critical 

role played by altered gliotransmission in the tau-induced synaptic deficits thus contributing 
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to advance our understanding of the cellular and molecular mechanisms underlying 

progressive cognitive decline and memory loss in tauopathies, including AD, caused by 

accumulation of misfolded tau protein in the brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Main Points

1. Tau oligomers enter astrocytes more efficiently than neurons.

2. Tau treatment affects Ca2+-dependent gliotransmitter release.

3. Tau induces ATP-dependent inhibition of synaptic protein expression and 

synaptic transmission.
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Figure 1. ex-oTau enters astrocytes more efficiently than neurons in vitro
(A) Representative example of tau accumulation in cultured hippocampal astrocytes and 

neurons. Tau (100 nM) was labelled with IRIS-5 ester dye at the N-terminus (here visualized 

in green to increase contrast) and then applied to the culture medium for 1 hour. Neurons 

were recognized by their immunoreactivity for the microtubule associated protein 2 (MAP2, 

visualized in red) and astrocytes were recognized by their immunoreactivity for Glial 

Fibrillary Acidic Protein (GFAP, visualized in blue). DAPI (shown in white) was used to 

identify cell nuclei. (B, C) Enlargements of dotted boxes outlined in (A) showing tau 

accumulation in a neuron (B) and an astrocyte (C). Bottom images represent XZ cross-

sections from the Z-stack acquisitions showing internalization of tau in MAP2- and GFAP-

positive cells (DAPI signal has been removed to allow tau quantification). Scale bars: 10 μm. 

(D) Bar graph showing the “internalization index” evaluated in neurons (MAP2) and 

astrocytes (GFAP) from the same cultures ** P<0.0001 vs. neurons.
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Figure 2. Ex-oTau treatment affects intracellular Ca2+ signals in cultured astrocytes
(A) Mean time-course of ATP-induced intracellular Ca2+ transients in Fluo-4-loaded mouse 

cultured astrocytes treated with either vehicle or ex-oTau (100 nM) for 1 hour. (B) 
Representative examples of ATP-elicited Ca2+ waves in astrocytes treated as in (A). (C) Bar 

graph showing the mean peak amplitude of ATP-induced Ca2+ transients. (D,E) Bar graphs 

showing the mean frequency and amplitude of Ca2+ waves in vehicle- and oTau-treated 

cultured astrocytes. ** P<0.001
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Figure 3. Ex-oTau treatment affects gliotransmitter release from cultured astrocytes
(A) Bar graphs quantifying the amount of ATP released extracellularly from cultured 

astrocytes during 1-hour treatment with either vehicle or ex-oTau (100 nM) and evaluated by 

HPLC. Data are presented as median with interquartile range; whiskers are the minimum 

and maximum. (B) Bar graphs summarizing the amount of various gliotransmitters released 

in the culture medium of astrocytes following 1-hour treatment with either vehicle or ex-

oTau (100 nM). Values are normalized with respect to vehicle. * P<0.05 and ** P<0.001 vs. 
vehicle.
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Figure 4. Exogenous ATP reverts the synaptic effects of ex-oTau
(A) Representative examples of miniature excitatory post-synaptic currents (mEPSCs) 

recorded from neurons treated with vehicle, 100 nM ex-oTau or ex-oTau+ATP (10 μM) for 1 

hour. (B) Bar graphs showing the mean frequencies and amplitudes of mEPSCs recorded 

from neurons treated with vehicle [n=20], 100 nM ex-oTau [n=18], or ex-oTau+ATP (10 

μM) [n=17] for 1 hour. (C) Mean time course of FM1-43 intensity following 50 mM KCl 

stimulation in neurons treated as in (A, B) [n=10 for vehicle and 7 for both ex-oTau and ex-

oTau]. (D) Representative Western blot analysis of synapsin-1, synaptophysin and GluR1 

performed on lysates of neuronal cultures treated for 1 hour with vehicle, 100 nM ex-oTau 

or ex-oTau+ATP (10 μM). Tubulin was used as loading control. (E) Densitometric analysis 

of three independent Western blot experiments carried out as in D. (F-H) Representative 

examples of confocal images of neuronal cultures treated with vehicle, 100 nM oTau or oTau

+ATP (10 μM) for 1 hour and immunostained for the neuronal marker MAP2 and the 

presynaptic proteins synapsin-1 (F), synaptophysin (G), and the postsynaptic protein GluR1 

(H). Bar graphs showing mean fluorescence intensity of synapsin-1 (F4) synaptophysin (G4) 

and GluR1 (H4) in the panels F1-3-H1-3. Scale bar 20 μm. * P<0.05 vs. vehicle; ** P<0.005 

vs. vehicle; # P<0.05 vs. tau,## P<0.005 vs. tau. Statistical significance was assessed by 

one-way ANOVA followed by Student-Newman-Keuls' test.
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Figure 5. APP-KO astrocytes do not internalize tau and are unaffected by ex-oTau application
(A) Example of co-culture of APP-KO astrocytes (immunostained with anti-GFAP and 

visualized in blue) and WT-eGFP astrocytes (visualized in red) treated for 7 hours with 

IRIS-5-labelled tau (visualized in green). Arrowheads indicate tau spots that are present in 

WT-eGFP astrocytes only. Bottom image represents XZ cross-sections from the Z-stack 

acquisitions showing internalization of tau in GFP-positive astrocytes. Bar graph on the right 

shows the “internalization index” evaluated in APP-WT (red) and APP-KO (blue) astrocytes 

** P<0.005 KO vs. WT. Scale bar: 10 μm. (B) Bar graph showing the mean peak amplitudes 

of ATP-induced Ca2+ transients. In this and the other panels white bars referred to vehicle 

whereas red ones referred to ex-oTau. (C,D) Bar graphs showing the mean frequency and 

amplitude of Ca2+ waves in vehicle- and ex-oTau-treated cultured APP-KO astrocytes. (E) 
Bar graphs indicating the amount of gliotransmitters released from astrocytes following 1-

hour treatment with either vehicle or ex-oTau (100 nM) and measured by HPLC. Values are 

normalized with respect to vehicle. “n.s.” means not statistically significant difference.
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Figure 6. Synaptic function in WT hippocampal neurons plated on APP-KO astrocytes is not 
affected by ex-oTau
(A) Time course of FM1-43 intensity following 1-hour ex-oTau (100 nM) treatment of 

hippocampal WT neurons plated on a layer of either WT astrocytes (WT/WT tau; red trace) 

or APP-KO astrocytes (WT/APP-KO tau; green trace), compared with that of WT neurons 

plated on a layer of WT astrocytes exposed to vehicle (WT/WT vehicle). Vesicular release 

was induced by depolarizing neurons with 50 mM KCl. (B) Bar graphs showing the mean 

frequencies and amplitudes of mEPSCs recorded from WT neurons plated on APP-KO 

astrocytes and treated with either vehicle [n=14] or 100 nM ex-oTau [n=25] for 1 hour. (C) 

Representative Western blot analysis of synapsin-1, synaptophysin and GluR1 performed on 

lysates hippocampal WT neurons plated on a layer of APP-KO astrocytes and treated with 

either vehicle or 100 nM ex-oTau. GAPDH was used as loading control. (D) Densitometric 

analysis of three independent western blot experiments carried out as in C. (E-G) 

Representative examples of WT hippocampal neurons immunostained for the neuronal 

marker MAP2 and the synaptic proteins synapsin-1, synaptophysin and GluR1. Bar graphs 
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quantifying synapsin-1 (E3), synaptophysin (F3) and GluR1 (G3) after treatment with vehicle 

or ex-oTau. Scale bars: 20 μm for panels E,F; 10 μm for panel G; *P<0.05.
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