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Abstract

Aims: Several studies reported that astrocytes support neuronal communication by the

release of gliotransmitters, including ATP and glutamate. Astrocytes also play a funda-

mental role in buffering extracellular glutamate in the synaptic cleft, thus limiting the risk

of excitotoxicity in neurons. We previously demonstrated that extracellular tau oligo-

mers (ex-oTau), by specifically targeting astrocytes, affect glutamate-dependent synaptic

transmission via a reduction in gliotransmitter release. The aim of this work was to deter-

mine if ex-oTau also impair the ability of astrocytes to uptake extracellular glutamate,

thus further contributing to ex-oTau-dependent neuronal dysfunction.

Methods: Primary cultures of astrocytes and organotypic brain slices were exposed to

ex-oTau (200 nM) for 1 h. Extracellular glutamate buffering by astrocytes was studied

by: Na+ imaging; electrophysiological recordings; high-performance liquid chromatogra-

phy; Western blot and immunofluorescence. Experimental paradigms avoiding ex-oTau

internalisation (i.e. heparin pre-treatment and amyloid precursor protein knockout astro-

cytes) were used to dissect intracellular vs extracellular effects of oTau.

Results: Ex-oTau uploading in astrocytes significantly affected glutamate-transporter-1

expression and function, thus impinging on glutamate buffering activity. Ex-oTau also

reduced Na-K-ATPase activity because of pump mislocalisation on the plasma mem-

brane, with no significant changes in expression. This effect was independent of oTau

internalisation and it caused Na+ overload and membrane depolarisation in ex-oTau-

targeted astrocytes.

Conclusions: Ex-oTau exerted a complex action on astrocytes, at both intracellular and

extracellular levels. The net effect was dysregulated glutamate signalling in terms of both

release and uptake that relied on reduced expression of glutamate-transporter-1, altered

function and localisation of NKA1A1, and NKA1A2. Consequently, Na+ gradients and all

Na+-dependent transports were affected.
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INTRODUCTION

Several studies, including ours, have reported the detrimental effects

of extracellular tau oligomers (ex-oTau) on neurons and astrocytes.

The presence of tau oligomers in the extracellular medium may

depend on activity-dependent secretion from neurons and/or release

from dead cells [1]. Among the deleterious effects of ex-oTau in neu-

ronal cells, there is an alteration of hippocampal synaptic transmission

and plasticity [1–5] depending on the ability of tau oligomers to cross

the plasma membrane and be accumulated intracellularly [1,4,5]. We

and others also demonstrated that astrocytes efficiently upload oTau

from the extracellular milieu [4,6,7] more rapidly and abundantly than

neurons, probably because of a greater expression on the plasma

membrane of attaching/entry sites for oTau, that is, the heparan sul-

fate proteoglycans [4,8–10]. This ability renders astrocytes key

players in the clearance of extracellular tau [6]. Nevertheless, intracel-

lular oTau accumulation leads to alteration of Ca2+ signalling in astro-

cytes that affects Ca2+-dependent release of gliotransmitters (ATP,

glutamate and D-serine), impinging on synaptic transmission [4].

Therefore, it is reasonable to hypothesise that astrocytes play a piv-

otal role in the disruption of synaptic function in tauopathies.

The concept of the tripartite synapse, indicating the active role

played by astrocytes in communication between neurons, is now

widely recognised. Specifically, astrocytes modulate synaptic transmis-

sion by releasing several neuroactive molecules, including (but not lim-

ited to) ATP, glutamate and D-serine [11,12]. In this complex neuron-

astrocyte interplay, astrocytes also play a fundamental role in limiting

the diffusion of extracellular glutamate released from neurons in the

synaptic cleft [13,14] by buffering it, thus lowering the risk of

glutamate-induced toxicity (i.e. excitotoxicity). Such buffering action is

assured by high-affinity glutamate transporters expressed on the

plasma membrane of astrocytes [14–16]. Glutamate transporters, also

named excitatory amino acid transporters (EAATs), exist in 5 different

isoforms that are differentially expressed on neurons and astrocytes. In

particular, EAAT1 and EAAT2 (also known as GLAST and GLT-1 in

murine cells, respectively) are mainly expressed on astrocytes with

GLT-1 being more expressed than GLAST, whereas EAAT3-5 are typi-

cally neuronal [17]. About 80% of extracellular glutamate is taken up

by astrocytes through GLAST and GLT-1, and the remaining 20% of

neurotransmitter returns to neurons [18]. Dysfunction of EAATs, and

in particular GLT-1, is associated with neurodegenerative diseases

including Alzheimer’s disease (AD) and other tauopathies [19–21].

GLT-1 works according to the following stoichiometry: the uptake of

one molecule of glutamate is coupled to the influx of three Na+, one

H+, and the efflux of one K+ ion. The driving force of this transport is

due to Na+ gradients across the cell membrane, which strictly depends

on the activity of the Na+/K+ ATPases (NKAs) [22]. Astrocytes express

both the α1 (NKA1A1) and α2 (NKA1A2) isoforms of the NKA, even if

α2 predominates and has a higher affinity for sodium [22]. EAATs and

NKA1A2 interact at the plasma membrane together with other cellular

components involved in energy metabolism [23]. In particular, Genda

and co-workers [24] demonstrated that GLT-1 co-localises with NKAs

and mitochondria, providing a spatial energy system matching the

glutamate-buffering capacity to the demands imposed by transport.

In this study we evaluated the impact of ex-oTau on the ability of

astrocytes to buffer extracellular glutamate by focusing our attention

on GLT-1 and NKA function and expression.

MATERIAL AND METHODS

Primary cultures of astrocytes and neurons from
mouse hippocampus and cortex

Primary cultures of cortical astrocytes were obtained from E18 wild-

type (WT) C57/Bl6 mice and amyloid precursor protein (APP) knock-

out (KO) mice (B6.129S7-Apptm1Dbo/J) following procedures previ-

ously described [4,9]. Briefly, after the brain had been removed,

neocortex was dissected under a stereomicroscope in Phosphate

Buffered Saline (PBS) at 4�C and then incubated for 10 min at 37�C in

PBS containing trypsin-ethylenediamine tetra-acetic acid

0.025%/0.01% w/v; (Biochrom AG, Berlin, Germany). After trypsin

inactivation with fetal bovine serum (FBS, 1%), the tissue was cen-

trifuged and suspended in a medium consisting of 97.8% minimum

essential medium (MEM, Biochrom), 1% FBS, 1% glutamine (2 mM),

1% penicillin-streptomycin-neomycin antibiotic mixture (PSN, Thermo

Fisher Scientific, Waltham, MA), and glucose (25 mM). The tissue was

then mechanically dissociated with a fire-polished Pasteur pipette at

room temperature (RT) and then centrifuged at 235� g for 10 min at

RT. Dissociated cells were suspended in a medium consisting of MEM

with 3.7 g/L NaHCO3 and 1.0 g/L D-glucose (DMEM), 10% FBS and

1% PSN. Astrocytes were plated at density of 105 cells on 20-mm

Key points

• Extracellularly, tau oligomers cause NKA mislocalisation

on the plasma membrane.

• Tau oligomers determine intracellular Na+ overload in

astrocytes leading to reduced Na+ gradient across the

membrane.

• Intracellularly, tau oligomers downregulate GLT-1

expression.

• The net effects of extracellular tau oligomers are a reduc-

tion of Na+-driven uploading of extracellular glutamate

from astrocytes.
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coverslips (for immunofluorescence [IF], Na+ imaging and electro-

physiological measurements), or 106 cells on 35-mm six-well plates

(for Western blot [WB] analysis). Both supports were pre-coated with

poly-L-lysine (0.1 mg/ml, Sigma, St. Louis, MO).

Experiments were performed when confluence was reached,

about 8–10 days after plating.

For co-cultures of hippocampal neurons and astrocytes, hippo-

campal tissue from WT and APP KO mice was subjected to the

same passages described above, but the pellet was suspended in

the previously described medium with added 5% horse serum and

5% FBS. Cells were plated at a density of 105 cells on 20-mm cov-

erslips (for IF, Na+ imaging, and electrophysiological measures) and

106 cells/well on 35-mm six-well plates (for WB analysis), pre-

coated with poly-L-lysine (0.1 mg/ml). After 24 h, 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 medium and cells were grown for 10 more days before

carrying-out experiments.

Organotypic hippocampal brain slices preparation

Hippocampal organotypic slice cultures were prepared from postnatal

day 10 C57/bl6 mice, without distinguishing between male and

female, using a McIllwain tissue chopper as previously described in

Spinelli et al. [25] Slices (300 μm) were placed on semi-porous mem-

branes (Merck Millipore, No. PCIMORG50, Burlington, MA) fed by tis-

sue medium (for 1 L: 788 ml 1� MEM (Thermo-Gibco, #11575-032,

7.16 g HEPES, 0.49 g NaHCO3, 4.8 g D-glucose, 50 μl ascorbic acid

(25%), 50 μl insulin (10 mg/ml), 200 ml horse serum (Thermo-Gibco,

#16050-122), 2 ml MgSO4 (1 M), 1 ml CaCl2 (1 M). Slices were incu-

bated at 35�C in 5% CO2 and cultured for up to 4 days.

Preparation of recombinant oligomeric tau and human
AD tau

Human recombinant tau 4R/2N was prepared as previously described

[1,4,26]. After 20 h of oligomerisation by using 1 mM H2O2 at RT, the

tau preparation was monitored through WB without reducing agent,

as described in Argyrousi et al. [27] In a subset of experiments, tau

obtained from prefrontal/frontal cortex of human AD brain specimens

(human Tau - hTau) was used. Human tau preparation was obtained

by pooling together post-mortem tissue samples from 4 AD patients:

two men (68 and 72 years old) and two women (74 and 83 years old).

All individuals were characterised for their Braak stage (VI for all

patients), Consortium to Establish a Registry for Alzheimer’s Disease

(CERAD) Neuropsychological Battery score (B for the woman of

83 years old and C for the other three AD patients), and National

Institute of Aging–Reagan Institute rating (NIA-R) (high for all

patients). AD patients had no other diseases that might have contrib-

uted to the clinical deficits (see also Table S1 of a previous study [1]).

Human tissue was provided by the New York Brain Bank–The Taub

Institute, Columbia University.

Both recombinant and human tau concentrations were deter-

mined by using a nanodrop spectrometer with the following parame-

ters: absorbance at 280 nm, molecular weight of 45,900 kDa and

extinction coefficient of 7450 cm�1 m�1, see note 24 of Argyrousi

et al. [27]).

Confocal Na+ imaging

Primary cultures of astrocytes were incubated for 30 min at 37�C with

5 μM CoroNa™ Green-AM (Thermo), a Na+ sensitive fluorescent dye,

in Tyrode’s solution consisting of 150 mM NaCl, 4 mM KCl, 1 mM

MgCl2, 10 mM glucose, 10 mM HEPES and 2 mM CaCl2 (pH adjusted

to 7.4 with NaOH); then, cells were maintained in fresh Tyrode’s solu-

tion at RT for 20 min to allow dye de-esterification. Intracellular Na+

transients were elicited by exposing CoroNa Green-loaded cells to

100 mM L-glutamic acid (buffered at pH 7.4 with NaOH) for 20 s. The

amplitude of Na+ signals was estimated for each cell in the imaged

microscopic field in a semi-quantitative way by the following formula:

ΔF/F = (Ft � Fpre)/(Fpre � Fbgnd). In this formula, Ft is the mean of

fluorescence intensities measured in a region of interest (ROI) drawn

around each cell body at a given time (t); Fpre is the basal fluorescence

intensity in this ROI estimated as the mean value of fluorescence dur-

ing 20-s prior glutamic acid perfusion; Fbgnd is background fluores-

cence intensity measured in an area lacking dye-filled cells.

For CoroNa Green probe, we used the following calibration for-

mula to estimate quantitative values of intracellular Na+ levels:

[Na+]i = Kd � [Ft � Fmin]/[Fmax � Ft] [28,29], where Kd represents the

dissociation constant (80 mM for Na+), Ft is the fluorescence mea-

sured in a ROI at the given time ‘t’; Fmax are the maximum measured

for each ROI after application of gramicidin; Fmin, the minimum fluo-

rescence values (obtained in 0 mM Na+), were always undetectable

and then set to zero. CoroNa Green was excited at 488 nm and its

emission signal was collected between 500 and 550 nm with an

inverted laser scanning confocal system Leica TCS-SP5 (Wetzlar,

Germany).

Immunofluorescence

Wild-type astrocytes were treated with vehicle or 200 nM ex-oTau or

ex-oTau + heparin (2 mg/ml) for 1 h and then fixed with 10% formalin

solution (pH 7.4 with NaOH) for 10 min at RT. As described in a previ-

ous study [30], cells were incubated with 0.3% Triton X-100 (Sigma)

in PBS for 15 min to permeabilise cells and then placed in the blocking

solution (0.3% BSA in PBS) for 20 min at RT, in order to avoid non-

specific binding. Cells were then incubated overnight at 4�C with a

pair of following antibodies in the blocking solution: mouse anti-GFAP

(#3670; 1:500, Cell Signaling Technology Inc., Danvers, MA; RRID:

AB_561049), and rabbit anti-EAAT2/GLT1 (#3838; 1:500, Cell Signal-

ing; RRID:AB_2190743), or mouse anti-NKA1A1 (#C464.4 1:300;
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Santa Cruz Biotechnology, Dallas, Texas; RRID:AB_626713), or mouse

anti-NKA1A2 (#Ab2871; 1:500, Abcam, Waltham, MA; RRID:AB_

303373).

The next day, primary antibodies were removed and after PBS

washing, cells were incubated for 90 min at RT with the proper sec-

ondary antibodies in the blocking solution: Alexa Fluor 546 donkey

anti-rabbit (#A10040; Thermo; RRID:AB_2534016) and Alexa Fluor

488 goat anti-mouse (#A32723; Thermo; RRID:AB_2633275) were

used at a dilution of 1:1000. Finally, cells were incubated with

40,6-diamidino-2-phenylindole (DAPI, Thermo), 0.5 mg/ml in PBS for

10 min at RT, in order to counterstain their nuclei. Cells were then

coverslipped with ProLong Gold anti-fade reagent (Thermo) and stud-

ied by confocal microscopy as described below.

For some experiments, mitochondria were labelled by incubation

of live cells with 10 nM MitoTracker® Orange CMTMRos (Thermo)

for 30 min before fixation. At least three independent experiments

were carried out for each condition. Immunoreactivity for GLT-1 and

NKAs was quantified by drawing regions of interest (ROIs) in the

acquired fields and expressing fluorescence as the sum of intensities

(8-bit depth; 256 levels) measured for every pixel in the ROI divided

by ROI area (�1156 � 193 μm2). Co-localisation analysis was per-

formed using ImageJ software (FiJi version) [31].

Confocal stacks of images (512 � 512 or 1024 � 1024 pixels)

were acquired at 40� or 60� magnification with a confocal laser

scanning system Nikon A1MP (physical pixel size: 210–310 nm).

Western blot

Wild-type and APP KO astrocytes were treated with 200 nM ex-oTau

or with ex-oTau + heparin (2 mg/ml), or vehicle for 1 h. Cells were

then washed twice with PBS and scraped in RIPA buffer containing

1 mM phenylmethylsulfonyl fluoride, sodium fluoride, sodium

orthovanadate and protease inhibitor mixture. Cell suspensions were

sonicated and then centrifuged at 10,000� g for 15 min at 4�C. The

supernatants were collected and assayed to determine their protein

concentration (by Bradford protein assay). An equivalent amount of

protein (50 μg) for each sample was loaded onto 8% tris-glycine poly-

acrylamide gel for electrophoresis separation. Proteins were then

electroblotted onto nitrocellulose membranes for WB analysis and

then blocked with 5% non-fat dry milk in tris-buffered saline con-

taining 0.1% Tween-20 for 1 h at RT and then incubated with pri-

mary antibodies rabbit anti-EAAT2/GLT1 (Cell Signaling); rabbit

anti-EAAT1/GLAST (#5684; Cell Signaling; RRID:AB_10695722);

rabbit anti-NKA1A1 (Santa Cruz); mouse anti-NKA1A2 (Abcam) all

used at dilution 1:1000, overnight at 4�C. Housekeeping proteins,

mouse anti-GAPDH (#ab8245; 1:5000; Abcam; RRID:AB_2107448)

and rabbit anti-β-actin (#8227; 1:2000; Abcam; RRID:AB_2305186)

The next day, membranes were incubated with appropriate second-

ary horseradish peroxidase-conjugated (HRP) antibodies (1:2500;

Cell Signalling; respectively, anti-rabbit #7074; RRID:AB_2099233

and anti-mouse #7076; RRID:AB_330924) for 1 h at RT. Visualisa-

tion was performed with WESTAR ECL (Cyanagen, Bologna, Italy),

using UVItec Cambridge Alliance. Molecular weights for immunoblot

analysis were determined through Precision Plus Protein™ Stan-

dards (BioRad, Hercules, CA). Densitometric analysis was carried

out with UVItec software. Experiments were repeated at least three

times.

Western blot of recombinant and human tau
oligomers

The tau preparation was monitored through WB in which tau samples

(prepared in nondenaturing/nonreducing conditions before loading)

were resolved by Tris-Glycine SDS-PAGE and probed with anti-

human tau monoclonal antibody Tau-13 (#sc-21,796; 1:1000; Santa

Cruz Biotechnology; RRID:AB_628328). After incubation with above

mentioned HRP-conjugated secondary antibodies visualisation was

performed with WESTAR ETA C ULTRA 2.0 using UVItec Cambridge

Alliance. Molecular weights for immunoblot analysis were determined

using Precision Plus Protein™ Standards.

Patch-clamp recordings

Synaptically activated Glu transporter currents

Synaptically activated Glu transporter current (STC) recordings were

carried out as schematically described in Figure 1B. Organotypic hip-

pocampal slices were constantly perfused with artificial cerebrospinal

fluid (ACSF) containing (in mM): 124 NaCl, 3.2 KCl, 1.2 NaH2PO4,

4 MgCl2, 4 CaCl2, 26 NaHCO3, and 10 glucose, pH 7.4. ACSF was

continuously bubbled with 95% O2/5% CO2. The extracellular solu-

tion also contained antagonists of AMPA receptors (10 μM NBQX),

NMDA receptors (50 μM D-AP5) and GABAA receptors (20 μM

(+)-bicuculline). Cells were approached under DIC with 5–8 MΩ

pipettes pulled from borosilicate glass (Warner Instruments, Inc.) using

a vertical Narishige PC-10 puller (Japan) and filled with an internal

solution containing (in mM): 145 K-gluconate, 2 MgCl2, 10 HEPES,

0.1 EGTA, 2.5 Na-ATP, 0.25 Na-GTP, 5 phosphocreatine, pH adjusted

to 7.2 with KOH. CA1 stratum radiatum astrocytes were identified by

their small cell bodies with the aid of 40� water-immersion objectives

on an upright microscope equipped with differential interference con-

trast optics under infrared illumination (BX5IWI; Olympus, Tokyo,

Japan) and video observation (C3077-71 CCD camera; Hamamatsu

Photonics, Japan). Studied astrocytes showed low input resistance

(<10 MΩ) and negative resting potential (��90 mV). Glu transporter-

mediated currents were evoked every 10 s through bipolar tungsten

electrode (FHC, Neural microTargeting Worldwide) at least 200 μm

away from the recorded astrocyte. During recordings, astrocytes were

held at �90 mV). All recordings were made at 30�C. Data were col-

lected with a MultiClamp 700B amplifier (Molecular Devices, Sunny-

vale, CA), digitised at 10 kHz using the Digidata 1440B data

acquisition system (Molecular Devices) and analysed using Clampfit

software (Molecular Devices). Synaptically activated Glu transporter
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currents (STCs) were isolated by subtracting the residual current

remaining in the presence of EAAT inhibitor DL-threo-beta-

benzyloxyaspartate (DL-TBOA, 100 μM) from the total control current

[32,33]. One astrocyte per slice was studied.

Resting membrane potential

Whole-cell patch-clamp recordings were performed with an Axopatch

700B amplifier (Molecular Devices). Stimulation and data acquisition

were performed with the Digidata 1440 series interface and pCLAMP

11 software (Molecular Devices). All recordings were made at room

temperature (RT: 23–25�C). The external solution was the same

Tyrode’s solution used for confocal Na+ imaging. Cells were

approached under DIC with 3–5 MΩ pipettes and filled with an inter-

nal solution containing (in mM) 145 K-gluconate, 2 MgCl2, 0.1 ethyl-

ene glycol tetra-acetic acid (EGTA), 2 Na2ATP, 0.2 NaGTP, and

10 Hepes. In order to evaluate recording stability and cell health,

access resistance and membrane capacity were monitored before and

at the end of the experiments. Resting membrane potential was calcu-

lated in current-clamp experiments as previously described [34].

Determination of intracellular glutamate
concentrations by high-performance liquid
chromatography (HPLC)

For the determination of intracellular concentrations of glutamate,

astrocytes were cultured in 30-mm wells and exposed for 5 min with

100 mM L-glutamic acid after 1-h treatment with vehicle, 200 nM ex-

oTau or ex-oTau in the presence of heparin (2 mg/ml).

After glutamate exposure, supernatants were discarded and cells

were washed twice with large volumes of ice-cold phosphate-

buffered saline (PBS, pH 7.4). Immediately after the second washing,

cells were gently scraped in 250 μl of ice-cold 10 mM KH2PO4,

pH 7.4. Cell suspensions were treated for the determination of intra-

cellular compounds according to a method previously set up [35].

Briefly, 750 μl of HPLC-grade CH3CN were added to each cell sus-

pension to create a precipitating solution composed by 75% CH3CN

+ 25% 10 mM KH2PO4, pH 7.4. After vigorous vortexing for 60 s, cell

samples were centrifuged at 20,690� g for 15 min at 4�C to precipi-

tate proteins. The protein-free supernatants were collected and sub-

jected to two chloroform washes, in order to eliminate the organic

solvent and obtain an upper aqueous phase cell extract that was

directly injected onto a Hypersil C-18, 250 � 4.6 mm, 5-μm particle

size column, provided with its own guard column (Thermo). The HPLC

apparatus consisted of a Surveyor System (Thermo) with a highly sen-

sitive diode array PDA detector (equipped with a 5 cm light path flow

cell) set-up between 300 and 400 nm wavelengths. Data acquisition

and analyses were automatically performed by a linked PC using the

ChromQuest 5.0® software package provided by the HPLC manufac-

turer (Thermo). The identification and quantification of glutamate was

performed in each sample of cell extracts, using an automated pre-

column sample derivatisation with a mixture of ortophtalaldehyde

(OPA) and 3-mercaptopropionic acid (MPA), as described elsewhere

[36]. Assignment and calculation of the OPA-Glutamate in chromato-

graphic runs of cell extracts was carried out at 338 nm wavelengths

by comparing retention time and area of the peak with that of chro-

matographic runs of freshly prepared ultra-pure true glutamate solu-

tions with known concentrations. In cell extracts, the total amount of

proteins was determined according to the Bradford method [37].

Glutamate concentrations were normalised for the total cell protein

concentrations and expressed as fold change with respect to the

control values.

Statistics

Statistical comparisons and analyses were carried out with SigmaPlot

software 14.0. Data samples were subjected to normal distribution

assay and then expressed as mean � standard error of the mean

(SEM). Two-tailed Student’s t-test and one-way ANOVA with

Bonferroni’s post hoc test were used for comparing two or many

experimental groups, respectively. The Mann–Whitney (Wilcoxon)

nonparametric statistic was used when experimental data were fewer

than 10 observations (e.g. densitometric analysis of WB data). The

level of significance (p) was set at 0.05.

RESULTS

Extracellular oTau treatment affects EAAT-dependent,
glutamate/Na+ symport in astrocytes due to reduced
expression of GLT-1

The stoichiometry of glutamate transport by GLT-1 causes a signifi-

cant Na+ influx into astrocytes when glutamate uptake is stimulated

by extracellular application of the neurotransmitter. By confocal Na+

imaging experiments we found that extracellular application of

100 mM L-glutamic acid induced rapid intracellular Na+ transients in

cultured astrocytes, which reached a plateau after 12–14 s of continu-

ous application (Figure 1A). In vehicle-treated cells, the mean peak

amplitude of Na+ transients was 1.7 � 0.1 (expressed as ΔF/F;

n = 160 cells). Once glutamic acid was removed by cell washout with

Tyrode’s solution, intracellular Na+ levels returned to initial resting

values with a time constant of 5.3 � 0.2 s. Treatment of astrocytes

with 200 nM ex-oTau for 1 h significantly reduced the amplitude of

glutamic acid-induced Na+ transients. In fact, in this condition peak

amplitude of Na+ transients was 1.0 � 0.1 (�43% vs vehicle, n = 107

cells, p = 7.5 � 10�11 assessed by Student’s t-test; Figure 1A).

The specificity of Na+ transients elicited in astrocytes after expo-

sure to glutamic acid was confirmed by the EAAT blocker DL-TBOA

(100 μM), which almost completely abolished signals, thus indicating

that these transients were specifically due to Na+ entry via

glutamate-induced EAAT activation. On the contrary, the blockade of

AMPA and NMDA ionotropic glutamate receptors with NBQX
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(10 μM) and D-AP5 (50 μM), respectively, did not reduce the Na+

transients elicited in astrocytes after exposure to glutamic acid

(Figure S1A).

To further investigate the effects of ex-oTau on glutamate-

induced EAAT-dependent inward Na+ currents in a more complex

system than cultured astrocytes, we recorded synaptically activated,

transporter-mediated currents (STCs) in astrocytes of the CA1 stratum

radiatum of organotypic hippocampal slices obtained from C57/Bl6

mice. After stimulation of Schaffer collaterals, hippocampal astrocytes

in the CA1 stratum radiatum of vehicle-treated organotypic hippocam-

pal slices exhibited a DL-TBOA-sensitive (Figure S1B) inward current

of �321.2 � 68.3 pA (n = 13 slices), with a mean time-to-peak of

189.7 � 2.1 ms. One-hour lasting treatment of organotypic hippo-

campal slices with 200 nM ex-oTau significantly reduced current

amplitude whose mean value was �162.7 � 40.6 pA (�49% vs vehi-

cle, n = 13; p = 0.049 assessed by Student’s t-test; Figure 1C,D).

Moreover, a slight, even if not significant increment was also observed

for time-to-peak in ex-oTau-treated astrocytes (217.5 � 44.2 ms).

Taken together, these results suggest that exposure to ex-oTau

markedly affects EAAT activity in astrocytes.

The effects of ex-oTau on glutamate uptake were only indirectly

estimated based on DL-TBOA-sensitive intracellular Na+ transients

recorded after extracellular glutamate application (Figure 1A) and on

inward Na+ currents after stimulated glutamate release (Figure 1C,D).

To directly investigate the impact of ex-oTau on glutamate uptake by

astrocytes we carried out HPLC experiments quantifying the amount

of intracellular glutamate in vehicle- and ex-oTau-treated astrocytes

after 5-min exposure to 100 mM L-glutamic acid. Considerable vari-

ability in the amount of intracellular glutamate was found in control

cells (ranging from 452.5 to 1402.3 nmol/mg of proteins) as well as in

tau-treated cells (329.5–846.1 nmol/mg). However, as expected,

intracellular glutamate levels were significantly reduced in tau-treated

astrocytes with respect to vehicle-treated ones (�28 � 7%;

p = 0.008, assessed by Mann Whitney Rank Sum test; Figure 1E),

whereas no significant effects were detected between vehicle and

oTau + heparin conditions (p = 0.67).

Additionally, we checked if the observed decreases in inward

glutamate-activated Na+ currents and intracellular glutamate in astro-

cytes were due to an ex-oTau-dependent alteration of EAAT expres-

sion and, in particular, of GLT-1. To address this issue, we performed

IF and WB experiments. We found that the expression of GLT-1 in

cultured astrocytes was significantly reduced after 1-h treatment with

200 nM ex-oTau compared with vehicle. In fact, with IF we observed

a 45 � 7% reduction (p = 0.020 ex-oTau vs vehicle, assessed with

Student’s t-test; Figure 2A,B,D), and this finding was confirmed by

WB analysis that revealed a GLT-1 expression reduction by

F I G U R E 1 Ex-oTau treatment reduces EAAT-
dependent, glutamate-induced Na+/glutamate
symport. (A) Mean time-course of glutamic acid-
induced intracellular Na+ transients in cultured
astrocytes from C57/Bl6 mice treated with either
vehicle (n = 160 studied cells) or ex-oTau
(200 nM, n = 107 cells) for 1 h. Insets show
representative examples of confocal images of
CoroNa green-loaded astrocytes in the above-
mentioned experimental conditions. Scale Bar:
10 μm. (B) Picture schematising synaptically
activated transporter-mediated currents (STCs)
recordings in astrocytes of the CA1 stratum
radiatum of organotypic brain slices.
(C) Representative traces of STCs recorded in
organotypic brain slices treated for 1 h with
vehicle (n = 13) or ex-tau (200 nM, n = 13).
(D) Bar graph showing the mean peak-amplitude
STCs in the two conditions analysed. (E) Bar graph
showing the percent variation of intracellular
glutamate levels evaluated by HPLC in cultured
cortical astrocytes treated for 1 h with vehicle
(white bar), 200 nM ex-oTau (red bar) and ex-

oTau+ 2 mg/ml heparin (grey bar) and exposed to
L-glutamic acid (100 mM) for 5 min. Coloured lines
represent the values of glutamate levels measured
for the three conditions in every single
experimental session (n = 5). *p < 0.05 and
***p < 0.001 vs vehicle; #p < 0.05 vs ex-oTau
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�29 � 2% (p = 2.6 � 10�3 ex-oTau vs vehicle assessed by paired t-

test; Figure 2E,F). On the contrary, the expression of GLAST was not

significantly affected by ex-oTau treatment (Figure S2).

The effects of ex-oTau on glutamate-induced
intracellular Na+/glutamate symport depend on their
uploading in cultured astrocytes

In a previous paper, we demonstrated that cultured astrocytes abun-

dantly uploaded ex-oTau and, once internalised, oTau affected astro-

cytes’ functions including the ability to generate intracellular Ca2+

transients and to release gliotransmitters [4]. To determine the contri-

bution of oTau internalisation to the ex-oTau-induced alteration of

GLT-1-dependent buffering of extracellular glutamate, we applied ex-

oTau (200 nM) in experimental conditions hindering oTau uploading

by cells, namely, (i) in the presence of 2 mg/ml heparin, that it is

known to block oTau internalisation by interacting with heparan

sulfate proteoglycans mediating tau entry into the cells [8,38]; (ii) in

astrocytes obtained from amyloid precursor protein (APP) knockout

(KO) mice. This second experimental paradigm is based on our previ-

ous findings indicating that APP expression is necessary for oTau

internalisation and the subsequent alteration of Ca2+-dependent

gliotransmitter release [4,5].

We found that the impairment of the EAAT-driven Na+-Glu

uptake depended on oTau internalisation in astrocytes. In fact, hepa-

rin impeded the ex-oTau-induced reduction in intracellular glutamate

levels, measured by HPLC, after 5-min L-glutamic-acid application to

astrocytes (p = 0.032 vs ex-oTau, assessed by Mann Whitney Rank

Sum test; Figure 1E) and no significant reduction in the GLT-1 expres-

sion was observed in both experimental paradigms avoiding oTau

internalisation mentioned above, that is, heparin (Figure 2C,D), and

APP KO cells (Figure 2G,H). Accordingly, in heparin-treated astrocytes

(Figure 3A) and APP KO astrocytes (Figure 3B) ex-oTau were unable

to reduce the amplitude of Na+ transients induced by 20-s lasting glu-

tamate application. Noteworthy, a significant difference in the

F I GU R E 2 Ex-oTau reduce GLT-1 expression dependently on their internalisation. (A–C) representative examples of confocal images of WT
cultured astrocytes treated with (A) vehicle, (B) 200 nM ex-oTau, or (C) 200 nM ex-oTau + heparin (2 mg/ml) for 1 h and immunostained for the
astrocytic marker GFAP and the glutamate transporter GLT-1. Scale bar: 10 μm. DAPI was used to identify cell nuclei. Insets in the panels (A)–
(C) show GLT-1 staining only. (D) Bar graph showing the mean GLT-1 fluorescence intensity in the conditions represented in panels (A)–
(C) (n = 10, 11, and 13 fields, respectively). (E) Representative WB analysis of GLT-1 performed on WT astrocytes treated with either 200 nM ex-
oTau or with vehicle for 1 h (n = 6 for each experimental condition). (F) Densitometric analysis of WB experiments carried out as in panel (E).
(G) Representative WB analysis of GLT-1 performed on APP KO astrocytes treated with either 200 nM ex-oTau or vehicle for 1 h (n = 3 for
both). (H) Densitometric analysis of WB experiments carried out as in panel (G). For all conditions, GAPDH was used as a loading control.
*p < 0.05 and ***p < 0.001 vs vehicle, #p < 0.05 vs ex-oTau. n.s. means not significant differences vs vehicle
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amplitude of Na+ transients was observed between 10 and 14 s of

glutamate application among vehicle-treated and oTau-treated cells

unable to internalise oTau (heparin-treated, Figure 3A, p = 0.03; and

APP KO, Figure 3B, p = 0.0042]; both assessed by Student’s t-test).

Collectively, these results suggest that the astrocyte-specific,

EAAT-dependent Na+-Glu uptake is impaired by ex-oTau treatment

and mainly depends on tau oligomers’ internalisation even if an

internalisation-independent mechanism is also involved.

Treatment with ex-oTau affects NKA function
independently of oTau internalisation

Analysis of the time-course of glutamate-induced Na+ transients rev-

ealed that the time needed to return to resting values was longer in

ex-oTau-treated astrocytes than in controls (see the pink-shadowed

area in Figure 3A). In fact, the time constant of intracellular Na+ fall

was 11.3 � 0.9 s in ex-oTau-treated cells and 5.3 � 0.2 s in control

ones (p = 6.5 � 10�12, assessed by Student’s t-test). Such difference

was even more evident if the two curves were normalised to the same

maximum value (e.g. 1; Figure S2A,B, pink-shadowed area). Removal

of the Na+ excess from the intracellular side of plasma membrane is

mainly mediated by Na+/K+ ATPase (NKA) pumps. Notably, neither

heparin nor the absence of APP spared astrocytic NKA function from

the action of ex-oTau, the time constants being significantly different

from that of vehicle (8.9 � 0.5 s and 12.8 � 1.1 s, respectively;

Figure 3A,B, shadowed areas; one-way ANOVA followed by

Dunnett’s post hoc test: F3,349 = 24.71, p < 0.001). We then checked

if ex-oTau affected NKA expression, but no significant changes were

observed between vehicle- and ex-oTau-treated WT astrocytes for

both α1 (Figure 4A–D) and α2 isoforms (Figure 4E–H). Moreover, 1-h

treatment with the specific NKA blocker ouabain (1 mM), which does

not affect NKA expression, had the same effects of ex-oTau

(Figure S3C,D). Collectively, these findings suggest that the

detrimental action of oTau on intracellular Na+ removal is mainly

exerted at extracellular level, and it consists in inhibiting NKA

function.

It is known that NKAs are tau-interacting partners [39], and that

they co-localise with mitochondria and EAATs [23,24]. Therefore, to

investigate how ex-oTau affected NKA function, we studied their

localisation on the plasma membrane and association with mitochon-

dria. As shown in Figure 4A,B,E,F, 1-h ex-oTau treatment significantly

affected the distribution of NKAs on the cell membrane that resulted

accumulated in specific ‘hot spots’, especially located on cell edges. In

particular, we observed a significant mislocalisation of NKAs with

respect to mitochondria, identified by mitotracker (Figure S4). The

correlation coefficient between NKA1A1 and mitochondria labelling

was, in fact, significantly reduced from 0.68 � 0.06 in vehicle-treated

cells to 0.41 � 0.09 in ex-oTau-treated ones (p = 0.03; assessed by

Student’s t-test).

To extend our findings in the context of human AD pathology, we

performed a subset of experiments that evaluated the effects of

human AD tau (i.e. tau derived from the brain of AD patients) on

extracellular glutamate handling. Specifically, we repeated confocal

Na+-imaging, STC, HPLC, and WB for GLT-1 and NKA1A2 experi-

ments. As reported in the Figure S5, the effects of hTau were similar

to those observed with the 4R/2N tau isoform. In fact, we found that

1-h extracellular application of hTau induced: (i) reduction in the peak

amplitude of glutamate-induced Na+ transients (�23.7% vs vehicle;

p = 5.4 � 10�11, assessed by Student’s t-test) and increase of the

time constant of intracellular Na+ fall (+33%; p = 6.6 � 10�8; Stu-

dent’s t-test); (ii) decrease of the amplitude of glutamate-induced

EAAT-dependent inward Na+ currents (STCs) (�56% vs vehicle;

p = 0.0355; Student’s t-test); (iii) reduced levels of intracellular gluta-

mate evaluated by HPLC (�25% vs vehicle; p = 0.03); iv) lower levels

of GLT-1 expression vs vehicle (�35%; p = 0.008, assessed by Mann

Whitney test) and no effects on ATP1A2 levels.

F I GU R E 3 Treatment with ex-oTau affects NKA function independently on oTau internalisation. (A) Mean time-course of glutamic acid-
induced intracellular Na+ transients in mouse cultured WT astrocytes treated with ex-oTau (200 nM; n = 107 cells), ex-oTau (200 nM) + heparin
(2 mg/ml; n = 102 cells) or vehicle (n = 160 cells) for 1 h. (B) Mean time-course of glutamic acid-induced intracellular Na+ transients in mouse
cultured APP KO astrocytes treated with either ex-oTau (200 nM; n = 56 cells) or vehicle (n = 75 cells) for 1 h. Pink-shadowed areas in panels
(A) and (B) highlight intracellular Na+ level recovery time in the various experimental conditions. Dotted red boxes indicate the time points in
which there is a significant difference between vehicle-treated cells and cells treated with ex-oTau + Hep for WT astrocytes (panel A, *p < 0.05)
and oTau for APP KO astrocytes (panel B, **p < 0.001)
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Intracellular Na+ levels and resting membrane
potentials in cultured astrocytes are altered by
treatment with ex-oTau

Having found that ex-oTau treatment disrupts NKA function, we

checked if basal intracellular Na+ levels in cultured WT astrocytes

treated for 1 h with 200 nM ex-oTau were accordingly affected. We

found that in control cells the basal intracellular Na+ concentration,

studied by confocal Na+ imaging, was 11.4 � 1.8 nM (n = 36). This

value raised to 36.0 � 2.9 nM in ex-oTau-treated astrocytes (n = 54;

p = 6.9 � 10�9 vs vehicle [Student’s t-test]; Figure 5A–C). These dif-

ferences were paralleled by a significant change of resting membrane

potential in WT astrocytes: from �69.9 � 0.9 (n = 18) in vehicle-

treated to �66.0 � 1.1 mV (n = 17) in ex-oTau-treated ones

(p = 6.2 � 10�2 vs vehicle assessed by Student’s t-test; Figure 5D).

Very similar results were found in APP KO astrocytes, thus confirming

F I GU R E 4 Treatment with ex-oTau affects NKA localisation on plasma membrane. (A, B) Representative examples of confocal images of WT
cultured astrocytes treated with vehicle (A) or 200 nM ex-oTau (B), immunostained for the α1 isoform of Na+/K+ ATPase pump (NKA1A1; A1, B1)
and the astrocytic marker GFAP (A2, B2). DAPI was used to stain cell nuclei. Merged images are shown in A3 and B3. (C) Representative WB
analysis of NKA1A1 performed on WT astrocytes treated as in panels (A) and (B) (n = 3). (D) Densitometric analysis of WB experiments carried
out as in panel (C). (E, F) Representative examples of confocal images of WT astrocytes cultures treated with vehicle (E) or 200 nM ex-oTau (F),
immunostained for the α2 isoform of Na+/K+ ATPase pump (NKA1A2; E1, F1) and the astrocytic marker GFAP (E2, F2). DAPI was used to stain
cell nuclei. Merged images are shown in E3 and F3. (G) Representative WB analysis of NKA1A2 performed on WT astrocytes treated in E-F
(n = 7). (H) Densitometric analysis of WB experiments carried out as in panel (G). For all conditions, β-actin was used as a loading control. Scale
bars: 10 μm. n.s. means no significant differences
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the extracellular effect of ex-oTau on NKA function. Indeed, resting

Na+ levels were 11.2 � 0.1 vs 37.3 � 0.2 mM in vehicle- and ex-

oTau-treated APP KO astrocytes, respectively (Figure 5E–G) and rest-

ing membrane potential was affected accordingly: �69.6 � 0.3 mV

(n = 6; vehicle) and �59.1 � 0.9 mV (n = 7; ex-oTau; p < 1 � 10�4

assessed by Student’s t-test; Figure 5H).

DISCUSSION

In the present study we investigated the effects of ex-oTau applica-

tion on the handling of extracellular glutamate by astrocytes. One

hour of ex-oTau treatment (sufficient for allowing tau internalisation

in astrocytes but not in neurons [4]) exerted a synaptotoxic action

consisting in a depression of synaptic transmission, which was attrib-

uted to a significant reduction of gliotransmitters release (including

glutamate) from astrocytes.

In the present paper we extended our study of tau action on

astrocytic glutamate handling focusing on mechanisms regulating the

neurotransmitter uploading from the extracellular space. We found

that ex-oTau impaired the ability of astrocytes to upload glutamate

from the synaptic cleft by acting on both the glutamate transporter

GLT-1 and the Na+/K+ ATPases.

Of note, the effect of tau oligomers on GLT-1 required their entry

into the cells and consisted of a reduction of protein expression,

whereas the tau-induced alterations of NKA function relied on an

extracellular action resulting in pump mislocalisation with no changes

in its expression. In particular, our findings suggest that: (i) 1-h treat-

ment with 200 nM ex-oTau reduces the expression of the glutamate

transporter GLT-1 in cultured astrocytes, thus affecting the uptake of

glutamate from the extracellular medium; (ii) ex-oTau interact extra-

cellularly with NKAs (ATP1A1 and ATP1A2), determining their

delocalisation on plasma membrane that alters their ability to extrude

Na+ from the cells. As a consequence, ex-oTau-targeted astrocytes

exhibited increased intracellular Na+ concentrations, membrane depo-

larisation, and a reduced transmembrane Na+ gradient affecting Na+-

dependent transports including the Na+-glutamate symport by GLT-1,

known to depend on NKAs [24].

In order to discern between the intra- and extracellular effects of

tau oligomers, we used experimental paradigms suitable to impede

the internalisation of oTau into the cells (e.g. either cell pre-treatment

with heparin [8] or the use of APP KO cells [4,5]). Notably, GLT-1

downregulation was not observed in experimental conditions hinder-

ing oTau build-up in astrocytes, whereas NKA dysfunction was still

present in experimental conditions in which ex-oTau entry into astro-

cytes was prevented.

Our findings are in agreement with previous studies demon-

strating the interaction of neuronal NKA (1A3) with proteins able to

oligomerise/aggregate, including α-synuclein [40], amyloid β (Aβ)

[41] and tau [42]. Moreover, a recent proteomic study identified

NKA1A1 and NKA1A2 as interacting partners of tau [39]. Melone

and co-authors recently reported that GLT-1 and NKA isoforms

F I GU R E 5 Treatment with ex-oTau affects intracellular Na+ levels and resting membrane potential of cultured astrocytes and neurons. (A, B)
and (E, F) Representative examples of confocal images showing intracellular Na+ levels at rest in WT (A, B) and APP KO (E, F) cultured astrocytes
loaded with CoroNa green probe and treated for 1 h with either vehicle (A, E; n = 36) or 200 nM ex-oTau (B, F; n = 54). Scale bars: 50 μm. (C, D)
and (G, H) Bar graphs representing the mean values of intracellular Na+ levels at rest (C, G) and the mean resting membrane potential (D, H) in ex-
oTau- and vehicle-treated WT (C, D; n = 17 and 18, respectively) and APP KO (G, H; n = 7 and 6, respectively) astrocytes. **p < 0.005;
***p < 0.001 vs vehicle
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(α1–3) are coupled [23]. In particular, they demonstrated that the

interaction between GLT-1 and NKAs is more efficient in astrocytes

(i.e. GLT-1/α2 at the perisynaptic processes) than in neurons. We

hypothesise that oTau, by binding NKA extracellularly, causes their

delocalisation and detachment from GLT-1 thus allowing GLT-1 to

be targeted by intracellular tau oligomers and determining their deg-

radation/clearance. This interpretation is in agreement with data

obtained with Aβ oligomers reportedly inhibiting glutamate reuptake

from astrocytes via altered GLT-1 diffusion [43] and its reduced

expression on plasma membrane [44].

We also documented that ex-oTau induce delocalisation of NKAs

on plasma membrane. Our results are in line with those obtained by

Shrivastava and collaborators who reported that α-synuclein and

fibrillary tau assemblies affect the neuronal isoform of NKA by deter-

mining its sequestration and redistribution, thus altering transmem-

brane Na+ gradients [38,40]. Also, Ohnishi et al demonstrated that

Na+/K+ ATPase α3 is a target of Aβ assembly [39]. Tau-dependent

NKA redistribution is also associated with a mislocalisation between

NKA and mitochondria, which are normally spatially associated [24].

We did not directly investigate the effects of oTau on mitochondria,

but it was recently reported that tau overexpression in astrocytes

affects mitochondria localisation and function [45].

Collectively, our data demonstrate that tau oligomers exert a dou-

ble detrimental action on GLT-1 function: (i) extracellularly, they

reduce transmembrane Na+ gradient, thus affecting GLT-1-dependent

Na+-driven glutamate uptake; (ii) intracellularly, they inhibit GLT-1

expression. The net effect of ex-oTau is a marked impairment of

astrocytes’ ability to uptake glutamate from the extracellular space.

Data reported here, along with our previous findings demonstrating

an oTau-dependent alteration of glutamate release from astrocytes,

point to a complex dysregulation of glutamate signalling involving all

the actors regulating the astrocytic glutamate handling that include

GLT-1, NKAs and mitochondria, Na+ gradients and all Na+-dependent

transports, in addition to intracellular Ca2+ signalling. Finally, our find-

ings add a novel layer to the molecular mechanisms underlying the

impact of tauopathies on brain health and cognitive function.

In fact, the glutamate dynamics at the hippocampus are of partic-

ular interest in terms of synaptic transmission and plasticity, and tau-

induced glutamate handling dysregulation may be directly associated

with the cognitive decline characterising the early stages of

AD. Moreover, the altered cell membrane excitability induced by the

extracellular action of oTau may also impact on synaptic strength that

underlies the pathogenesis of tauopathies [46].
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