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Most neurodegenerative disorders are associated with aggregation and

accumulation of misfolded proteins. One of these proteins, tau, is involved

in a number of pathologies including Alzheimer’s disease and frontotempo-

ral dementia. Aggregation and phosphorylation of tau have been shown to

be a trigger for abnormal signal transduction and disruption of cellular

homeostasis. Here, we have studied the effect of extracellular tau at differ-

ent stages of aggregation in cortical co-cultures of neurons and astrocytes,

to understand how this process affects tau pathogenicity. We found that

the species formed after prolonged in vitro aggregation of tau (longer than

1 day) are able to stimulate reactive oxygen species (ROS) production

through the activation of NADPH oxidase without decreasing the level of

the endogenous antioxidant glutathione. The same late insoluble aggregates

of tau induced calcium signals in neurons and a gradual increase in the

ionic current of artificial membranes. Both tau-induced calcium signals and

ROS production in NADPH oxidase were reduced in the presence of the

inhibitor of voltage-gated calcium channels (VGCC) nifedipine. This sug-

gests that insoluble aggregates of tau incorporate into the membrane and

modify ionic currents, changing plasma membrane potential and activating

VGCCs, which induces a calcium influx that triggers ROS production in

NADPH oxidase. The combination of all these effects likely leads to toxic-

ity, as only the same insoluble tau aggregates which demonstrated mem-

brane-active properties produced neuronal cell death.

Introduction

Despite the difference in aetiology and in the mecha-

nisms of pathology, most neurodegenerative disor-

ders have similar features such as the accumulation

of abnormally aggregated proteins and the involve-

ment of mitochondria and oxidative stress in the

pathogenesis.

In Alzheimer’s disease (AD), the protein tau

becomes abnormally clumped to form ‘tangles’. This

clumping process is highly dynamic, and during it, a

number of intermediates are formed which differ in

size, structure and morphology. Abnormal deposition

of aggregates of the protein tau is involved in a
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number of neurodegenerative diseases (termed tauopa-

thies). This group comprises more than 20 clinico-

pathological entities, including AD, progressive

supranuclear palsy, frontotemporal dementia, Pick’s

disease, corticobasal degeneration and chronic trau-

matic encephalopathy. Together, genetic and patholog-

ical evidence suggests that the protein tau and its

aggregation are central to the pathogenesis of neurode-

generation and dementia in these conditions.

For a long time, it was accepted that intracellular

tangles of tau might possibly affect cellular function.

However, the identification of prion-like propagation

of misfolded proteins, whereby assemblies can be

released and spread to neighbouring cells (to seed the

aggregation of native monomers initiating the forma-

tion of additional aggregates), suggested pathological

mechanisms that are not limited to intracellular aggre-

gates.

There are significant gaps in our understanding of

tau disease biology, including the toxicity of tau (if

any) and if the acquisition of amyloidogenic structures

results in toxicity gain and how the function of tau

changes with its aggregation state. It is also not very

clear which structure of tau is involved in the mecha-

nism of disease.

Some of the characteristics of tauopathies are abnor-

mal signal transduction, including calcium signalling,

mitochondrial dysfunction and excessive production of

reactive oxygen species (ROS) [1,2].

Oxidative stress has been shown to be one of the

major triggers for neurodegeneration. Involvement of

misfolded proteins in the generation of free radicals

and oxidative stress was shown for a number of neu-

rodegenerative diseases [3,4]. Thus, beta-amyloid pro-

duces ROS through activation of NADPH oxidase

(NOX) [5,6]; a-synuclein oligomers are able to produce

superoxide [7,8]; and endogenous tau is able to induce

ROS production and oxidative stress in mitochondria

[2].

Calcium signalling controls almost all cellular pro-

cesses. Alteration of the calcium signal in neurons and

astrocytes leads to changes in the signal transduction

between cells, calcium overload in mitochondria and

induction of the mechanism of cell death. Importantly,

oligomerization of misfolded proteins makes them able

to modify the cellular membranes leading to the induc-

tion of calcium signals [9]. Initially, this was shown for

beta-amyloid [10–12] and later for a-synuclein [13,14].

The ability of tau to produce ion channels in artificial

membranes has also been previously shown [15–17].
However, very little is known about the role of tau

and its aggregates in redox homeostasis and calcium

signalling compared to other misfolded proteins.

Recently, the kinetic parameters of the assembly and

replication of aggregates of full-length recombinant

tau were determined, showing that tau aggregates have

an intrinsic ability to amplify by filament fragmenta-

tion [18]. Here, we have studied the toxicity of the dif-

ferent aggregate species formed during this process.

We have investigated if different aggregates have dif-

ferent properties in membrane modification and how

they affect cellular ROS production and calcium sig-

nalling in primary neurons and astrocytes. We have

found that the effect of tau was dependent on the

aggregation state of this protein and that late insoluble

aggregates are able to incorporate into the membranes,

activating voltage-dependent calcium channels. This in

turns activates NADPH oxidase, increasing ROS pro-

duction in this enzyme. Importantly, the same insol-

uble aggregates are able to induce cell death.

Results

In order to study the effect of the different tau aggre-

gates on primary neuronal–astrocytic co-cultures, sev-

eral batches of full length recombinant P301S tau were

produced and aggregated in vitro in the presence of

heparin as described previously [18]. The kinetics of

this aggregation process are characterized by the rapid

formation of thioflavin T (ThT)-active species without

an apparent lag phase, with fibril formation reaching

saturation after about 2 days of incubation (Fig. 1A).

As expected, many filaments with a length of several

micrometres could be detected in the aggregation mix-

tures (Fig. 1B,C). We chose different time-points

(early: 30 min, 1.5, 3 and 7 h; late: 1, 3, 7, 14 and

26 days) and separated the soluble and insoluble frac-

tions of tau to analyse the effects of the different tau

species formed in the aggregation process (Fig. 1D).

Toxicity of late insoluble aggregates of tau

We first investigated if the exposure of co-cultures of

primary neurons and astrocytes to the different tau

aggregates had a toxic effect, and if changes in the

aggregation status of tau are able to induce neuronal

death. To estimate tau-induced cell death, we co-

stained the cells with propidium iodide (labelling dead

cells) and Hoechst (labelling the nucleus of all the

cells) after 24 h of exposure to the different species:

buffer (as a control), tau monomers (300 nM) and the

soluble and insoluble fractions of early time-points

(30 min, 1.5, 3 or 7 h) or late time-points of tau aggre-

gation (1, 3, 7, 14, 26 days), from a corresponding

monomer concentration of 300 nM (representative

image in Fig. 2B). As depicted in Fig. 2A, only the
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late insoluble aggregates were able to significantly

increase cell death in the neuronal–astrocytic co-cul-

tures, with the toxic effects increasing with aggregation

time of the protein. Compared to control (6 � 2.2%

cell death, n = 32 fields analysed), the insoluble frac-

tion of tau after 1 day of aggregation induced

Fig. 1. Production and characterization of tau aggregates. (A) P301S tau aggregation kinetics. The extent of tau fibril formation as a function

of time was monitored by measuring the fluorescence of the dye ThT over the course of the aggregation reaction. Two micromolar P301S

0N4R tau aggregation was induced by addition of 2 µM heparin. Traces for three independent experiments are shown. (B) Representative

TIRFM images of fibrils (pFTAA staining) at different stages of aggregation. Scale bar 10 µm, insert 2 µm. (C) Representative TEM image of

P301S aggregates after 7 days of aggregation. Scale bar 250 nm. (D) Schematic representation of the preparation of the different

aggregates used in the study.
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10.7 � 1.2% cell death (n = 13, P < 0.01); 3-day tau

induced 11.5 � 1.2% (n = 13, P < 0.0001); 7-day

tau induced 10.9 � 1% (n = 8, P < 0.05); 14-day tau

induced 11.4 � 1% (n = 15, P < 0.0001); and 26-day

insoluble tau had the greatest effect with 12.8 � 1.5%

(n = 14, P < 0.00001). Thus, only the late insoluble

aggregates are able to induce an increase in the cell

death in the mixed populations of cortical neurons and

astrocytes, with a trend of these effects to increase as

the aggregation time increases, showing the maximum

effect in the latest time-point of tau aggregation.

Late insoluble aggregates elevate the rate of

ROS production in primary cortical neuronal–
astrocytic co-cultures

Reactive oxygen species production followed by oxida-

tive stress is known to be one of the major triggers of

neurodegeneration. We used dihydroethidium (DHE)

as a ROS indicator to investigate the effects of the

different tau species in primary rat cortical co-cultures

of neurons and astrocytes. Rate of increase in DHE

fluorescence upon oxidation of the dye is proportional

to the rate of – predominantly– superoxide generation

(representative traces shown in Fig. 3B,C). After moni-

toring basal rate of ROS production, cells were

exposed to buffer, tau monomers (300 nM), and the

soluble and insoluble fractions of early time-points

(30 min, 1.5, 3 or 7 h) or late time-points of tau aggre-

gation (1, 3, 7, 14, 26 days), from a corresponding

monomer concentration of 300 nM. As shown in

Fig. 3A, again, only the late insoluble aggregates were

able to induce a significant increase in the rate of ROS

production in these cells, which is gradually increasing

as tau aggregation time increases. Compared to buffer

control (set as 100%, n = 286), the insoluble fraction

of tau after 1 day of aggregation induced a rate of

ROS production of 127 � 2.5% (n = 182 cells,

P < 0.0001); insoluble tau after 3 days of aggregation

114.2 � 2.5% (n = 248 cells, P < 0.01); 7-day

Fig. 2. Late insoluble tau aggregates induce increased rate of cell death. (A) Histograms show the quantification of tau-induced cell death in

neuronal–astrocytic co-cultures after 24 h of exposure to the different tau samples (B, buffer; M, monomers). Only late insoluble aggregates

(1, 3, 7, 14, 26 days) significantly induced cell death compared to control. Data are represented as mean � SEM. 200–400 cells were

counted per field analysed (control n = 32, monomers n = 11; soluble species: tau 0.5 h n = 11, tau 1.5 h n = 12, tau 3 h n = 13, tau 7 h

n = 8, tau 1D n = 13, tau 3D n = 13, tau 7D n = 13, tau 14D n = 16, tau 26D n = 13; insoluble species: tau 0.5 h n = 12, tau 1.5 h n = 12,

tau 3 h n = 13, tau 7 h n = 11, tau 1D n = 13, tau 3D n = 13, tau 7D n = 8, tau 14D n = 15, tau 26D n = 14 fields). Three different sets of

experiments with separate batches of protein and cell preparations were performed. One-way ANOVA with Tukey’s post hoc comparisons

(*P < 0.05, **P < 0.01, ***P < 0.0001, ****P < 0.00001). (B) Representative images of selected time-points of aggregation showing tau-

induced cell toxicity. Cell toxicity was estimated after co-staining of the cells with propidium iodide (red fluorescence) which labels dead

cells, and Hoechst (blue fluorescence) which labels all cells. Scale bar: 50 µm.
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aggregated insoluble tau induced 121 � 4.1%

(n = 163, P < 0.001); 14-day insoluble tau 125 � 2.9%

(n = 163, P < 0.0001); and 26-day insoluble tau

induced the highest rate of ROS production:

131 � 3% (n = 289, P < 0.0001). Neither the mono-

mers, nor the soluble species nor the early insoluble

aggregates induced a significant increase in the rate of

ROS production in the mixed populations of cortical

neurons and astrocytes compared to the control.

Aggregated tau does not induce changes in

reduced glutathione level

Increased levels of ROS do not necessarily lead to

pathology, as they can be quenched by effective

antioxidant defences, which protect the cells from

oxidative damage. One of the major markers of oxida-

tive stress in the cells is the level of the endogenous

antioxidant glutathione (GSH), so we next used the

fluorescent indicator monochlorobimane to assess the

levels of GSH after 24 h of incubation of the cells with

early and late soluble and insoluble aggregates of tau

(Fig. 3D,E). As depicted in Fig. 3D, none of the sam-

ples significantly changed the levels of GSH in the co-

cultures of neurons and astrocytes. Thus, none of the

tau aggregates, including late insoluble aggregates,

which were able to increase the rate of ROS produc-

tion, were able to induce oxidative stress. However,

tau-induced ROS production can produce specific tar-

geted oxidation of some proteins, which in combina-

tion with some other triggers (such as calcium

signalling dysfunction) could lead to pathology.

Late insoluble aggregates of tau induce calcium

signals in primary neurons

We next exposed the cells to the different aggregates

of tau to understand if they were able to induce aber-

rant calcium signals in the neuronal–astrocytic co-cul-

tures. To identify the neurons, we applied 5 µM

glutamate at the end of the experiment, which induces

a typical calcium response in neurons only. Applica-

tion of the soluble fraction of tau (Fig. 4E) (as well as

monomers, Fig. 4B) did not induce any changes in the

cytosolic concentration of calcium ([Ca2+]c) of neurons

and was comparable to the control condition

(Fig. 4A), in which several neurons showed typical

spontaneous oscillations. However, exposure of pri-

mary cortical co-cultures to late insoluble aggregates

of tau (300 nM) induced strong characteristic peak-like

calcium responses in neurons (Fig. 4C,D,F,G) but not

in astrocytes (Fig. 4H–L). Importantly, the ability of

tau to induce calcium signals was more pronounced as

the aggregation time of tau increased, as shown by the

higher area under the curve of these responses

(Fig. 5F). On the other hand, the exposition of the

neurons to these tau species for ~ 20–30 min did not

alter the amplitude of glutamate-induced calcium

influx in any of the conditions (Fig. 5G).

Tau-induced calcium signals in neurons are

potential-sensitive

To further characterize the calcium signal induced by

the late insoluble tau aggregates, we first evaluated if

the increase in [Ca2+]c was dependent on extracellular

calcium or calcium released from internal stores such

as the endoplasmic reticulum (ER). As depicted in

Fig. 5A,B, tau-induced elevation in [Ca2+]c was depen-

dent on the presence of external calcium and could be

completely blocked in experiments done in Ca2+-free

HBSS (+0.5 mM EGTA) (Fig. 5A). In addition, to

exclude the effect of the intracellular stores, we used

the inhibitor of SERCA thapsigargin (0.5 µM) which

empties the calcium pool of the ER after 6–10 min of

incubation (Fig. 5B). Subsequent addition of late

insoluble aggregated tau (300 nM) to these cells

induced calcium signals in neurons similar to the

obtained in the absence of thapsigargin (Fig. 4G)

which confirms that tau-induced [Ca2+]c rise in neurons

is independent of intracellular Ca2+ stores.

Extracellular Ca2+ could enter the cytosol through

plasmalemmal calcium channels, either native or

formed by tau. Voltage-gated calcium channels

(VGCC) are one of the major sources of extracellular

Ca2+ influx in neurons. These ionic channels are poten-

tial sensitive, as are normally closed at resting mem-

brane potential and activated on plasma membrane

depolarization. To test their contribution to the tau-in-

duced calcium signals in our neurons, we used two dif-

ferent antagonists of these channels. We first applied

nifedipine 5 lM to the cells during the measurement,

once the tau-induced calcium signals had already

begun. This greatly diminished the [Ca2+]c increases

induced by the late insoluble aggregates of tau

(Fig. 5C). A similar reduction was observed when

preincubating the cells with this VGCC inhibitor

before the addition of the late insoluble tau aggregates

(Fig. 5D – as compared with the tau response showed

in Fig. 4F - and 5F). Likewise, preincubation of the

primary co-culture of neurons and astrocytes with the

VGCC antagonist verapamil (20 µM) completely

blocked the [Ca2+]c elevation induced by insoluble

aggregates (Fig. 5E,F). Thus, insoluble aggregates of

tau activate potential sensitive calcium channels and

induce calcium signals specifically in neurons.
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Increase in [Ca2+]c can lead to the activation of dif-

ferent cellular pathways, such as PKC, which in turn

may lead to the activation of different enzymes such

as NADPH oxidase (NOX). In neurons and astro-

cytes, NOX, together with mitochondria, is one of the

major sources of ROS [3,19]. To understand if this

was the case in our study, we selected the late insol-

uble aggregate tau 14D (14 days aggregation), which

was able to induce a strong increase in ROS produc-

tion (Fig. 2A) and calcium signals (Fig. 4G). Preincu-

bation of the primary co-culture of neurons and

astrocytes with the inhibitor of NADPH oxidase

20 µM AEBSF for 20 min completely blocked the

increase in the rate of ROS production induced by the

14D insoluble fraction of tau (Fig. 5H,I, Control

100 � 6%, n = 89; Tau 154 � 5%, n = 112; AEBSF

105 � 3% n = 122, P < 0.00001), confirming that

insoluble aggregates of tau produce ROS in neurons

and astrocytes through the activation of NADPH oxi-

dase. In addition, nifedipine (5 µM), which inhibited

the calcium signals induced by late insoluble tau aggre-

gates (Fig. 5C,D), was also able to block the ROS

production induced by the same tau species (Fig. 5F,

G, 85 � 11, n = 98, P < 0.00001), thus providing a

link between the late insoluble tau-induced calcium sig-

nals and the increased rate of ROS production.

Late insoluble tau aggregates induce

electrophysiological activity in artificial

membranes

One of the possible mechanisms of tau action on the

cells might be through its ability to directly induce an

increase in cell membrane permeability. To test this

possibility, we studied the effects of tau aggregates on

the ion conductance of planar bilayer lipid mem-

branes. Electrophysiological activity was recorded for

monomers, 3 h soluble aggregates, and late soluble

and insoluble aggregates (3D, 5D, 7D, 12D). Introduc-

tion of the insoluble aggregates into the lipid bilayer

caused a gradual increase in the membrane conduc-

tance (Fig. 6A). Such an insertion suggests that, unlike

traditional channels exerting a stepwise insertion, the

interaction of tau aggregates with the lipid bilayer may

be of a type which more closely resembles ionophore

activity with gradual increase in the membrane con-

ductance. In control experiments, we tested channel

membrane conductance in the presence of the soluble

fractions which did not exhibit any effects on the

membrane conductance (Fig. 6B) confirming that

insoluble aggregates are responsible for the interaction

with the membranes.

While all aggregated fractions demonstrated

increased conductance, its value and properties were

distinct depending on the time-point of aggregation.

As it can be seen from Fig. 6C,D both detection fre-

quency and conductance values increased with the

increase in aggregation times. Importantly in the sam-

ples that were aggregated for longer periods of time,

we detected two models of voltage-dependent beha-

viour. Some channels were not voltage dependent

(Fig. 6E) while others demonstrated strong rectifica-

tion at the negative voltages (Fig. 6F). The higher the

aggregation time the wider was the conductance distri-

bution and higher the occurrence of nonlinear trends

in the I/V curves. Both behaviours can potentially be

related to the variable size of the aggregates. Voltage-

dependent channel rectification indicates that tau spe-

cies linked to such behaviour most likely can interact

and insert into the lipid bilayers in a voltage-

Fig. 3. Late insoluble aggregates induce increased rate of ROS production. (A) Histograms represent the increase in the rate of ROS

production after extracellular application of tau to cortical primary cultures (B, buffer; M, monomers). Rate of ROS production is reflected by

the rate of DHE fluorescence as explained in Materials and methods. Data are represented as mean � SEM, and black line represents

median. n = ~ 150–300 neurons + astrocytes were analysed in three different set of experiments with separate batches of protein and cell

preparations: (control n = 286, monomers n = 191; soluble species: tau 0.5 h n = 184, tau 1.5 h n = 191, tau 3 h n = 177, tau 7 h n = 163,

tau 1D n = 233, tau 3D n = 189, tau 7D n = 188, tau 14D n = 169, tau 26D, n = 249; insoluble species: tau 0.5 h n = 154, tau 1.5 h

n = 197, tau 3 h n = 184, tau 7 h n = 164, tau 1D n = 182, tau 3D n = 248, tau 7D n = 163, tau 14D n = 163, tau 26D n = 289).

Nonparametric Kruskal–Wallis H test was used to determine statistical significances, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B, C)

Representative traces showing DHE fluorescence increase, which is proportional to the rate of ROS production. Only application of late

insoluble aggregates (C) induces an increase in the rate of ROS production. (D) Histograms show the quantification of GSH levels (MCB

fluorescence) in neuronal–astrocytic co-cultures after 24 h of exposure to the different tau samples (B, buffer; M, monomers). None of

them induced significant changes in GSH levels. Three different sets of experiments with separate batches of protein and cell preparations

were performed. Data represented as mean � SEM of n = ~ 10–20 fields analysed: (control n = 20, monomers n = 15; soluble species: tau

0.5 h n = 11, tau 1.5 h n = 11, tau 3 h n = 10, tau 7 h n = 11, tau 1D n = 15, tau 3D n = 14, tau 7D n = 16, tau 14D n = 16; insoluble

species: tau 0.5 h n = 12, tau 1.5 h n = 11, tau 3 h n = 12, tau 7 h n = 15, tau 1D n = 15, tau 3D n = 9, tau 7D n = 16, tau 14D n = 19). (E)

Representative images showing a field of cells depicting MCB fluorescence (z-projection from corresponding z-stacks). Scale bar: 50 µm.
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Fig. 4. Late insoluble tau aggregates induce calcium signals in neurons. Representative traces showing the cytosolic calcium levels

measured by Fura-2 ratio in individual neurons (A–G) and astrocytes (H–L) in response to the different tau samples. Typically, representative

traces for 20–30 cells are shown per condition. Glutamate 5 µM (G) was added at the end to identify neurons.
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Fig. 5. Tau-induced calcium signals in neurons are potential-dependent. (A–E) Representative traces showing the cytosolic calcium levels

measured by Fura-2 in individual neurons (20–30 cells) in different conditions. (A) Cells were preincubated in calcium-free HBSS supplemented

with 0.5 mM EGTA to study if the tau-induced signals depended on extracellular calcium. (B) Cells were treated with thapsigargin 0.5 µM for

10 min before the application of tau to inhibit SERCA pump and study the contribution of the ER to the calcium signals. (C) Cells were treated

with 5 µM nifedipine to inhibit the VGCC after tau-induced calcium signals started. (D, E) Cells were pretreated with 5 µM nifedipine or 20 µM

verapamil to inhibit the VGCC before the application of tau. (F) Histograms represent the quantification of the area under the curve of the

different calcium signals, n = 18–140 cells analysed, each shown as a dot (control n = 146, monomers n = 32, insoluble tau 1D n = 31, tau 3D

n = 62, tau 7D n = 45, tau 14D n = 34, tau 7D + nifedipine n = 35, tau 7D + verapamil n = 34, soluble tau 3D n = 27). Data are represented as

mean � SEM, and black lines represent median. Nonparametric Kruskal–Wallis H test was used to determine statistical significances,

***P < 0.001, ****P < 0.0001. (G) Amplitude of the calcium increase induced by glutamate, n = 27–146 cells analysed, each shown as a dot

(control n = 146, monomers n = 83, tau 1D n = 31, tau 3D n = 33, tau 7D n = 45, tau 14D n = 34, tau 3D soluble n = 27). Data are represented

as mean � SEM, and black lines represent median. Nonparametric Kruskal–Wallis H test was used to determine statistical significances

(nonsignificant differences found). (H) Representative traces showing DHE fluorescence increase as a marker of ROS production in primary co-

cultures of neurons and astrocytes after application of buffer or insoluble Tau 14D with or without preincubation with the NOX inhibitor AEBSF

20 µM or the voltage-dependent calcium channel inhibitor nifedipine 5 µM. (I) Histograms represent the increase in the rate of ROS production

after extracellular application of buffer/tau to cortical primary cultures in the conditions explained in H. Data are presented as mean � SEM, and

black lines represent median. n = 89–122 cells analysed, each represented as a dot (control n = 89, tau 14D n = 112, tau 14D + AEBSF

n = 122, tau 14D + nifedipine n = 98). Nonparametric Kruskal–Wallis H test was used to determine statistical significances, ****P < 0.0001.
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dependent manner. Interestingly, the 3D aggregate,

despite its low-frequency detection (Fig. 6C), was able

to form a typical channel with an increased sponta-

neous openings and closures at higher voltages

(Fig. 6G) while longer aggregated proteins did not

demonstrate channel activity (Fig. 6H).

Discussion

The role of extracellular tau in pathology has recently

gained increasing interest, especially in the context of

the prion-like spreading of tau pathology through the

brain. Here, we show that in addition, extracellular

tau aggregates also exert a direct pathogenic effect in

neuronal–astrocytic cultures, and, more importantly,

these effects directly depend on the stage of tau

aggregation. One of the most important findings in

our study is that despite sharing a b-sheet structure,

the various tau aggregates formed during the aggrega-

tion process have different biological and pathological

activities. This can partially explain the diversity of

results obtained in different laboratories regarding the

toxicity/pathogenesis of tau.

Our results show that only late insoluble aggregates

(formed after 24 h of in vitro aggregation) have toxic

effects in the cultures and induce ROS production

through NOX, calcium signals in the neurons, and

alter the permeability of lipid bilayer membranes. ThT

staining shows that around this time-point the fibrils’

formation reaches the saturation point. Interestingly,

the tau-induced effects tended to increase as the time

of aggregation increased. We showed recently the

Fig. 6. Late insoluble tau aggregates induce

electrophysiological activity in artificial

membranes. (A) Representative trace

showing increase in ion conductance due to

the insertion of insoluble tau aggregates as

compared to (B), a control trace of the

bilayer with no protein present. (C)

Histogram showing the ion channel

detection frequency of tau aggregates

related to their incubation period (n = 48

independent recordings for tau 3D, n = 30

for tau 5D, n = 27 for tau 7D, n = 55 for tau

12D). (D) Open channel conductance point

distributions of tau aggregates at different

incubation stages (tau 3D n = 3, tau 5D

n = 2, tau 7D n = 7, tau 12D n = 11). (E) IV

curve of the 12D aggregates showing a

linear behaviour as compared to (F), 12D

aggregates with nonlinear behaviour. (G)

Representative trace of 3D tau aggregates

channel responding to high voltage by

switching to lower conductance states. (H)

Representative trace of a 12D aggregate

showing a nonlinear behaviour. Four

different batches of aggregated tau were

used.
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kinetics and characterization of the aggregation reac-

tion and found that mutant P301S tau, the one used

for this study, elongates fast (around 24 h) into long

fibrils and then enters a stage of spontaneous slow fib-

ril fragmentation in which fibrils decrease in length

over time [18]. This suggests that not only the struc-

ture, but also the length of the fibrils might influence

its activity, with shorter fibrils being more effective at

inducing the pathogenic effects shown than longer fib-

rils.

Previous work from other groups has shown that

the species formed by in vitro heparin-induced aggre-

gation of tau share many similarities but might also

differ in some aspects with the fibrils found in the

brains from patients or transgenic animal models. At a

specific time-point, heparin-aggregated tau has been

shown to have a different conformation and seeding

capacity [20] or a different cryo-EM structure [21] than

native fibrils. Additionally, tau samples used in our

study are not phosphorylated. These studies and the

present manuscript highlight how critical the stage of

in vitro tau aggregation might be for the effects stud-

ied; the link between tau mutations, filament structure

and disease-specificity; and the complexity and vari-

ability of conformations in which tau can be present.

In our study, insoluble aggregates of tau induced a

significant increase in the percentage of dead neurons

and astrocytes. However, the effect of tau is much

smaller compared to oligomeric b-amyloid or a-synu-
clein [14,22]. The importance of tau aggregation in the

induction of cell death was also shown previously in a

cell model of tauopathy, where inhibitors of tau aggre-

gation prevented cell death [23].

The ability of endogenous tau to induce ROS in

mitochondria has been shown for several tauopathies

[1,2,24], and we cannot exclude the effect of tau on

mitochondria in our experiments. However, most of

the ROS production induced by tau in our cells was

dependent on NADPH oxidase, as shown by the dra-

matic reduction in the rate of ROS production in the

presence of the NADPH oxidase inhibitor AEBSF.

Although activation of NADPH oxidase was shown

for transgenic models of AD, the direct effect of tau

on ROS production in NOX enzymes was not shown

before. However, here we demonstrated that tau-in-

duced ROS production can be blocked by the VGCC

inhibitor nifedipine suggesting that NADPH oxidase is

activated by the calcium influx through potential sensi-

tive calcium channels. As shown before, in neurons

and astrocytes, NADPH oxidase can be activated by

Ca2+ [19]

The effect of tau on [Ca2+]c is dependent on the

membrane activity in our experiments. Nonlinear

trends in I/V curves suggest that tau aggregates incor-

porate into the membrane depending on charge. Incor-

poration of aggregated tau into the membrane induced

integral conductance which in some form can be

described as a channel (Fig. 6A). It is more likely to

be selective for K+ (what we show) or to other mono-

valent cations and less likely to be selective to Ca2+

because it would stimulate calcium signal indepen-

dently of the activation of the potential sensitive cal-

cium channels.

Acute extracellular application of P301S tau mono-

mers did not induce any immediate calcium signals in

the neurons, in agreement with recent results from our

group using monomers from the K18 tau fragment,

corresponding to the 4R region of the protein [25]. We

previously showed however that a longer exposure

(24 h) of the cells to the K18 monomers induced cal-

cium oscillations and impaired the glutamate-induced

calcium signalling in the neurons [25]. None of the tau

species tested in the present manuscript affected the

amplitude of the glutamate-induced calcium signals in

the neurons after a short exposition (20–30 min). Fur-

ther characterization will be necessary to study the

effects of the different tau species in the impairment of

the glutamate-induced calcium signalling, the possible

tau isoform specificity, and/or the requirement of a

longer incubation time and probably the internaliza-

tion of the protein.

Tau monomers and fibrils are indeed efficiently

uptaken by cells [20]. However, in the present scenario,

the cellular effects induced by tau fibrils are more

likely to occur from the extracellular site where they

were applied given the immediacy of the responses.

Nevertheless, the ability of tau fibrils to interact with

the plasma membrane and modify its permeability

might also occur from the intracellular side and be

induced either by endogenous or uptaken tau.

In summary, our results show a mechanism summa-

rized in Fig. 7 by which specific extracellular tau

aggregates can lead to neurodegeneration and con-

tribute to the pathogenesis of tauopathies.

Materials and methods

Cell culture

Co-cultures of cortical neurons and astrocytes were pre-

pared as described previously [26] from Sprague-Dawley rat

pups (P3–P4) from the UCL breeding colony. Experimental

procedures were performed in full compliance with the Uni-

ted Kingdom Animal (Scientific Procedures) Act of 1986

and with the European directive 2010/63/EU, approved by

the UCL Animal Welfare and Ethical Review Body and
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granted by the corresponding personal, project and estab-

lishment licenses. Cortex was dissected and placed in ice-

cold PBS. Tissue was then trypsinized for 15 min at 37 °C,
triturated and plated in coverslips that were previously

coated with Poly-D-Lysine. Cultures were maintained in

Neurobasal A medium, supplemented with B-27, Gluta-

MAX and in the presence of penicillin/streptomycin (all of

them from Thermo Fisher Scientific, Paisley, UK). Media

were replaced after 1 week, and cells were used at 12–16
DIV in all the experiments.

Tau samples preparation and characterization

Recombinant P301S Tau was purified and aggregated as

previously described [18]. In brief, the aggregation of 2 µM

P301S tau in 19 SSPE buffer (20 mM phosphate, 298 mM

NaCl and 2 mM EDTA, pH 8) was induced by addition of

2 µM low molecular weight (~ 5000 Da) heparin (Thermo

Fisher). The mixture was then incubated under quiescent

conditions at 37 °C for the indicated periods of time.

To separate insoluble and soluble fractions, aliquots

were taken from the aggregation mixture and centrifuged

at 21 000 g for 20 min prior to the experiment. The insol-

uble fraction was further washed once with SSPE buffer,

before resuspending it in the original volume of SSPE. Sev-

eral independent batches of protein were used for these

experiments.

Aggregate characterization by SAVE imaging

SAVE images were acquired as described previously [18].

Briefly, samples were diluted into 30 nM pFTAA to a final

protein concentration of 50 nM. Then, 10 µL of each

sample was adsorbed to borosilicate cover slides no. 1.5 for

15 min and imaged on a TIRF setup using 488 nm excita-

tion.

Aggregate characterization by transmission electron

microscopy

Samples were placed on glow-discharged 400 meshed For-

mvar/carbon film-coated copper grids (Sigma-Aldrich,

Gillingham, UK) for 3 min and stained with uranyl acetate.

Images were taken on a Philips Spirit transmission electron

microscope at a magnification of 96009.

Monitoring fibril formation by ThT assay

To monitor the fibril formation of tau, 10 µM ThT was

added to the aggregation mixtures prior to each measure-

ment. Samples were thoroughly mixed by inverting the

tubes and placed into a COSTAR half-area 96-well plate in

triplicates. The plate was incubated at 37 °C without shak-

ing for the indicated duration. The samples were excited at

440 nm, and fluorescence was monitored at 480 nm using

aFLUOstar OPTIMA plate reader (BMG LabTech, Orten-

berg, Germany).

Live cell imaging

Experiments were performed in HBSS buffer (with Ca2+

and Mg2+) supplemented with 10 mM HEPES and adjusted

to pH 7.4. In specific experiments indicated in the text, cal-

cium-free HBSS was used, consisting on commercial Ca2+

and Mg2+-free HBSS supplemented with 2 mM MgCl2 and

0.5 mM EGTA.

Fig. 7. Extracellular late insoluble tau aggregates effects in cells. Schematic diagram of extracellular late insoluble tau aggregates effects in

cells. Our results suggest that specific aggregates of tau (insoluble species formed after at least 24 h of in vitro aggregation) are able to

interact with lipid membranes and alter their membrane conductance. This induces the opening of VGCC allowing Ca2+ influx in the

neurons, which in turns activates NAPDH oxidase (NOX), increasing ROS production through this enzyme. Nifedipine, a VGCC blocker, is

able to prevent both the calcium signals and the ROS production induced by tau, while AEBSF, a NOX inhibitor, greatly diminishes ROS

production. The combination of all these effects is likely leading to cell death, as only the same insoluble aggregates were shown to be

toxic to the primary neuronal–astrocytic co-cultures.
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Cell death

Three hundred nanomolar of the different tau time-points

samples or the same volume of SSPE buffer as a control

was applied to the extracellular medium of the primary

neuronal–astrocytic cultures and incubated for 24 h. Cells

were then loaded for 15 min with 20 lM propidium iodide

and 10 lM Hoechst 33342. While Hoechst is a blue fluores-

cent dye that stains chromatin DNA, propidium iodide is

only permeable to dead cells and shows red fluorescence, so

it is possible to calculate the percentage of dead cells

(showing red fluorescence) versus total number of cells

(showing blue fluorescence). Images were acquired in a

Zeiss 710 LSM confocal microscope (Carl Zeiss, Oberko-

chen, Germany) with an integrated META detection system

using a 209 objective. Samples were excited at 405 and

561 nm, and emission light was collected at 430–460 nm

and above 590, respectively. Images were analysed using IM-

AGEJ (NIH, Bethesda, MD, USA). A total number of 800–
1000 cells were counted in 4–5 different fields per coverslip.

Experiments were repeated three times with different

batches of protein and separate independent cultures.

ROS production

Reactive oxygen species production was monitored in single

cells using the superoxide indicator DHE (2 lM; Molecular

Probes, Thermo Fisher Scientific, Waltham, MA, USA),

which shows blue fluorescence in the cytosol until oxidized,

when it intercalates within the DNA, staining the nucleus

fluorescent red. Fluorescence measurements were made on

an Nikon Eclipse Ti-S (Nikon Imaging, Tokyo, Japan) epi-

fluorescence inverted microscope equipped with a 209 fluo-

rite objective. Excitation light was provided by a xenon arc

lamp, the beam passing a monochromator to provide exci-

tation light at 530 nm (Cairn Research, Kent, UK). Emit-

ted fluorescence light was reflected through an ET605/52m

filter to an Andor Zyla sCMOS camera (Cairn Research)

and digitized to a 16-bit resolution. All imaging data were

collected and analysed using ANDOR IQ2 (Andor, Belfast,

UK) and ORIGIN PRO 2018 (Origin Lab, Northampton, MA,

USA) software. Basal rate of ROS production, measured

as the rate of increase in red DHE fluorescence, was imme-

diately recorded after dye-loading for 3 min. Three hun-

dred nanomolar of the different tau samples or the same

volume of SSPE buffer as a control was then applied to the

extracellular medium of the primary neuronal–astrocytic
culture, and rate of ROS production was recorded for sev-

eral minutes more. Ratio of the rate of ROS production

after stimulation with tau or buffer vs basal rate of ROS

was calculated for each time-point of tau aggregation and

normalized to control. Around 150–300 cells (neurons + as-

trocytes) were analysed in each condition. Experiments

were repeated three times with different batches of protein

and separate cultures.

Glutathione

Three hundred nanomolar of the different tau samples or

the same volume of SSPE buffer as a control was applied

to the extracellular medium of the primary neuronal–astro-
cytic culture and incubated for 24 h prior the experiments.

To analyse glutathione (GSH) levels, cells were incubated

with 50 µM monochlorobimane (MCB) in HBSS at room

temperature for 30 min. Cells were then washed with

HBSS, and live-cell images were acquired in a Zeiss 710

LSM confocal microscope equipped with a META detec-

tion system, using an EC Plan-Neofluar 409 objective.

MCB was excited at 405 nm, and emission light was

detected between 430 and 525 nm. Z-stacks were acquired,

and fluorescence intensity was analysed using VOLOCITY 3D

Image Analysis Software (PerkinElmer, Waltham, MA,

USA). Experiments were repeated three times with different

batches of protein and separate independent cultures.

[Ca2+]c imaging

[Ca2+]c was monitored in single cells using Fura-2 AM, a

high-affinity intracellular calcium indicator which is ratio-

metric and allows an accurate measurement of the cytosolic

Ca2+ as the ratio of the emissions of the dye in response to

340/380 excitation, independently of loading variations.

Cells were loaded for 30 min at room temperature with

5 lM fura-2 AM in the presence of 0.0005% pluronic in

HBSS buffer. Fluorescence measurements were made on an

epifluorescence inverted microscope equipped with a 209

fluorite objective (Nikon Eclipse Ti-S). Excitation light was

provided by a xenon arc lamp, the beam passing a

monochromator at 340 and 380 nm (Cairn Research).

Emitted fluorescence light was reflected through an ET510/

80m filter to an Andor Zyla sCMOS camera (Cairn

Research) and digitized to a 16-bit resolution. All imaging

data were collected and analysed using ANDOR IQ2 (Andor)

and ORIGIN PRO 2018 (Origin Lab) software. Area under the

curve (mathematical area) was calculated with the integra-

tion function in ORIGIN PRO 2018, using a constant number

of frames and after baseline subtraction.

BLM recordings

Tau aggregates were resuspended into 20 mM Tris and

0.05% Genapol at a final concentration of 300 nM. The

painting method was used to form phospholipid bilayer

using 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DiPhPC;

Avanti Polar Lipids, Alabaster, AL, USA). A Delrin cuv-

ette with an aperture of 50 µm diameters was placed

between the two chambers of the Teflon cuvette. The aper-

ture was prepainted with 25 mg�mL�1 of DiPhPC in

decane. 150 mM KCl and 20 mM HEPES, pH 5, was used

as the recording solution and added to both sides of

the chamber. Ion currents were detected using standard
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Ag-AgCl electrodes (World Precision Instruments, Sara-

sota, FL, USA) that were placed in each side of the cuv-

ette. Measurements of the conductance of single channels

were performed by painting the protein to the cis side of

the chamber (side connected to the ground electrode). Con-

ductance measurements were performed using an eONE

amplifier (Elements, Cesena, Italy) with a sampling rate of

1.22 kHz (819.20 µs interval). Signals were filtered by low-

pass Bessel filter at 20 Hz for analyses performed with

ORIGINPRO 2019 (Origin Lab) and CLAMPFIT software

(Molecular Devices, San Jose, CA, USA).

Statistics

Statistical analysis was performed with ORIGINPRO 2018 and

IBM STATISTICS SPSS 24 (IBM, Armonk, NY, USA). Data sets

were first probed for normality with the Shapiro–Wilk test,

and homogeneity of variances was analysed with Levene’s

test. When the data sets did not follow a normal distribu-

tion, nonparametric tests were performed (Kruskal–Wallis

H test). When appropriate, one-way ANOVA followed by

post hoc Tukey test was used. Differences were considered

to be significantly different if P < 0.05.
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