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Abstract

Aggregation or phosphorylation of the microtubule-associated protein tau is the pathological
hallmark in a number of diseases termed tauopathies, which include the most common
neurodegenerative disorder, Alzheimer's disease; or frontotemporal dementia, linked to
mutations in the gene MAPT encoding tau. Although misfolded tau has strong familial and
histopathological (as in intracellular tangles) association with neurodegenerative disorders,
the cellular mechanism of tau-induced pathology remains to be controversial. Here we studied
the effect of tau on the cytosolic and mitochondrial calcium homeostasis using primary cortical
cultures treated with the protein and iPSC-derived neurons bearing the 10+16 MAPT mutation
linked to frontotemporal dementia. We found that incubation of the primary cortical co-cultures
of neurons and astrocytes with tau induced spontaneous Ca?* oscillations in the neurons,
which were also observed in iPSC-neurons with the 10+16 MAPT mutation. Importantly, tau
inhibited mitochondrial calcium efflux via the mitochondrial Na*/Ca?* exchanger (NCLX) in both
neurons and astrocytes. This inhibition led to mitochondrial depolarisation in response to
physiological and pathological calcium stimuli and made these cells vulnerable to calcium-
induced caspase 3 activation and cell death. Thus, inhibition of the mitochondrial NCLX in
neurons with misfolded or mutated tau can be involved in the mechanism of

neurodegeneration.
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ABBREVIATIONS

[Ca?*].— Cytosolic calcium concentration
[Ca?*]m - Mitochondrial calcium concentration
aCSF - Artificial cerebrospinal fluid

HBSS - Hank’s Balanced Salt Solution

iPSC - induced pluripotent stem cells

mPTP — mitochondrial permeability transition pore
NCLX — Mitochondrial Na*/Ca?* exchanger

ROS - reactive oxygen species



1. INTRODUCTION

Tau protein plays an important physiological role in the assembly and stabilization of
microtubules; and misfolding of this protein is involved in the pathogenesis of more than 20
different neurodegenerative disorders, termed tauopathies. Tauopathies include dementias
such as Alzheimer’'s disease, where tau forms intracellular inclusions termed neurofibrillary
tangles; or movement disorders such as progressive supranuclear palsy and corticobasal
degeneration. The involvement of tau in the mechanism of neurodegeneration was confirmed
by the identification of mutations in MAPT gene encoding tau, as the cause of frontotemporal

dementia and parkinsonism linked to chromosome 17 (FTDP-17) [1].

Although tau is an intracellular protein, neurons can secrete and uptake tau, and monomers
and aggregates of tau have been shown to be able to penetrate through biological membranes

[2] and affect the function of cell organelles including mitochondria [3].

Mitochondria plays a major role as the energy producer in the cells; but it is also a main
regulator of calcium signalling and a key element in the mechanism of cell death. Mitochondria
is involved in the short Ca?* buffering system protecting cytosol from overload; and in turn
uses these calcium ions to activate mitochondrial respiration and ATP production.
Mitochondria uptake Ca?* through a specific calcium uniporter down the electrochemical
gradient maintained across the mitochondrial membranes [4]. Efflux of Ca?* out of the
mitochondria is operated in exchange with H* in non-excitable cells or by a Na*/Ca®
exchanger [5] which was molecularly identified as NCLX [6]. Importantly, changes in the
activity of the calcium uniporter or NCLX could lead to mitochondrial calcium overload,
resulting in the opening of the mitochondrial permeability transition pore (mPTP) and triggering
cell death [7]. We have previously shown that the deficiency [8] or mutation [9] in the
Parkinson’s-related PINK7 gene led to inhibition of mitochondrial Ca?* efflux, which resulted
in vulnerability to calcium-dependent cell death. Importantly, inhibition of mitochondrial
calcium efflux was also identified in cells with another familial form of Parkinson’s disease —

LRRK2 [10, 11]. Expression of wild type NCLX or phosphomimetic NCLX mutant to PINK1 or



LRRK?2 deficient cells rescued the impaired mitochondrial Ca?* extrusion and enhanced cell
survival [12], confirming the importance of mitochondrial NCX in the mechanism of
neurodegeneration in Parkinson’s disease. Impaired mitochondrial calcium efflux has been
also shown to play a role in the progression of Alzheimer’s disease pathology [13]. Inhibited
mitochondrial NCLX leads to the accumulation of Ca?* in the matrix of mitochondria that can
result in the triggering of the mitochondrial permeability transition pore in response to a
physiological signal [14, 15]. Tau has been found to localize within the mitochondrial inner and
outer membranes [16], is able to interact with mitochondrial transporters and complexes such
as VDAC [17], or ATP synthase [18] and has in addition been shown to be involved in
mitochondrial dysfunction resulting in mitochondrial ROS overproduction [19]. We suggest that
tau can also modify cytosolic and mitochondrial calcium homeostasis. Here we found that
incubation of cortical co —cultures of neurons and astrocytes with the tau K18 fragment for 24
hours induced spontaneous oscillations in [Ca?]. in the primary neurons. These oscillations
lead to an increased basal level of mitochondrial calcium in tau-treated neurons compared to
control cells. Induction of a cytosolic calcium signal in neurons with glutamate or astrocytes
with ATP demonstrated the inhibition of the mitochondrial calcium efflux in the tau-treated
cells, which showed a delayed Ca?* efflux by the mitochondria in both cell types. This occurred
due to the inhibition of the mitochondrial Na*/Ca?* exchanger (NCLX) by tau. As a
consequence of the tau-induced inhibition of the mitochondrial calcium efflux, tau-treated cells
and also iPSC-derived neurons with a mutation in MAPT presented an increased vulnerability
to calcium-induced cell death, as shown by the increased mitochondrial depolarization and
earlier caspase-3 activation in the presence of different triggers. These results offer a new

perspective in understanding the mechanisms of tau-related neurodegeneration

2. MATERIALS AND METHODS

2.1. Cellular cultures



2.1.1. Primary cortical co-cultures of neurons and astrocytes were prepared from
Sprague-Dawley rat pups (P2-P4) from the UCL breeding colony. Experimental
procedures were performed in full compliance with the United Kingdom Animal
(Scientific Procedures) Act of 1986 and with the European directive 2010/63/EU. Cortex
was dissected and placed in ice-cold HBBS. Tissue was then trypsinized (Trypsin-EDTA
0.05%, ThermoFisher) for 15 min at 37°C, triturated and plated in coverslips that were
previously coated with 0.05 mg/mL Poly-D-Lysine. Cultures were maintained in
Neurobasal A medium, supplemented with B-27, GlutaMAX and in the presence of
penicillin/streptomycin (all of them from ThermoFisher, Paisley, UK). Media was
replaced after one week and cells were used at 12-16 DIV in all the experiments.
Neurons were distinguished from glia by their morphology: while neurons present and
smooth rounded soma and distinct processes, glial cells are bigger and flat and lay just
below the focal plane of the neurons. In some experiments, neurons and glia were
distinguished by their functionality due to their specific calcium-induced response to
glutamate or ATP, respectively.

2.1.2. Human iPSC-derived neurons were generated and characterized as previously
described [19, 20]. For the present experiments, three control cell lines were used:
Control 1 was obtained from the laboratory of Dr Tilo Kunath, control 2 from the Coriell
repository, and control 3 was purchased from Thermo Fisher Scientific. The two iPSC
lines with the 10+16 MAPT mutation were generated by Dr. Selina Wray (UCL Institute
of Neurology) from fibroblasts obtained from the National Hospital for Neurology and
Neurosurgery, London, UK. All the experiments were performed in neurons ~ 120-
150DIV.

2.2. Live-imaging

Unless otherwise specified, all the experiments were performed in HBSS buffer with Ca?* and
Mg?* (ThermoFisher Scientific) supplemented with 10 mM HEPES, pH 7.4. In some cases,

aCSF buffer was used (composition in mM: 125 NaCl, 2.5 KCI, 2 MgCly, 1.25 KH2POs, 2 CaCl,,



30 glucose and 25 HEPES, pH adjusted to 7.4). For the preparation of aCSF low magnesium,
MgCl. was excluded from the media. Fluorescent dyes were obtained from ThermoFisher
Scientific. Pseudo-intracellular media was used (composition in mM: 135 KCI, 10 NaCl, 20
HEPES, 5 pyruvate, 5 malate, 0.5 KH2PO4, 1 MgCl,, 5 EGTA and 1.86 CaCly, to yield a free

[Ca?*] of 100 nM; pH 7.1) during and after permeabilization of the cells with 20 uM digitonin.

For the simultaneous estimation of [Ca?*]; and [Ca?*]n cells were incubated with 5 yM Fluo-4-
AM, 0.005% pluronic F-127 and 5 yM Rhod-5N for 30 min at rt and then washed. Images were
obtained with a Zeiss 710 LSM confocal microscope with an integrated META detection
system. Excitation of Fluo-4 and Rhod-5N was achieved with the 488 and 561 nm lasers
respectively, and emitted light was measured at 500-550 nm and 580-620 nm (x40 objective).
Mathematical analysis of calcium oscillations and decay rate were performed in Origin Pro

2018 (Origin Lab, USA)

The ratiometric calcium indicator Fura-2 AM was used in other experiments to monitor [Ca?*].
alone or in combination with Rhod 123 to simultaneously measure mitochondrial membrane
potential. Dyes were incubated for 30 min (Fura-2 AM 5 yM + 0.005% pluronic F-127) or 15
min (Rhod 123, 1 uyM) at rt and washed. Fluorescence measurements were made on an
epifluorescence inverted microscope equipped with a 20x 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 (Fura-2) and 490 nm (Rhod123) (Cairn Research, Kent, UK). Emitted
fluorescence light was reflected through an ET510/80m filter to an Andor Zyla sSCMOS camera
(Cairn Research, Kent UK) and digitised to a 16-bit resolution. All imaging data were collected
and analysed using Andor iQ2 (Andor, Belfast, UK) and Origin Pro 2018 (Origin Lab, USA)

software.

Mitochondrial calcium efflux was analysed in permeabilized cells. Cells were loaded in HBSS
media with 5 uM CoroNa green to visualize Na*, 5 yM Rhod-5N to visualize Ca?* and 0.005%

pluronic F-127 for 30 min at rt and then washed. Cellular distribution of the fluorescence was



observed using a Zeiss 710 LSM confocal microscope with an integrated META detection
system. Excitation of CoroNa Green and Rhod-5N was achieved with the 488 and 561 nm
lasers respectively, and emitted light was measured at 500-550 nm and 580-620 nm (x40
objective). Cells were then permeabilized briefly with 20 uM digitonin in pseudo-intracellular
buffer, which was afterwards washed and replaced with fresh pseudo-intracellular buffer for
the duration of the experiment. To stimulate mitochondrial calcium uptake, CaCl.was applied

to obtain a free [Ca?*] concentration of 5 uM.

Assessment of apoptosis was done with NucView® 488 caspase-3 substrate (Biotium,
California, USA) which allows the detection of caspase-3 activity in real time in individual cells.
Cells were loaded for 15 min with 10 uM NucView. Live images were obtained with a Zeiss
710 LSM confocal microscope with an integrated META detection system. Samples were
excited at 488 nm, and emitted light was collected at 500-550 nm. When the substrate (non-
fluorescent) is cleaved by caspase-3, it forms a high-affinity DNA dye that stains the nucleus
bright green, so a sudden increase in green fluorescence is detected in individual cells when

caspase-3 is activated.
2.3 Statistics

Statistical analyses were performed in Origin Pro 2018. Two-tailed unpaired Student’s t-test
or one-way ANOVA followed by Bonferroni post-hoc test were used to estimate the statistical
significance between experimental groups. A p value less than 0.05 was considered

statistically significant for either test. Histograms are presented as mean+SEM.

3. RESULTS

3.1. Tau induces changes in cytosolic and mitochondrial Ca?*

Primary cortical co-cultures of neurons and astrocytes were incubated for 24 hours with 300
nM tau K18 (from now on referred in the text as tau), which comprises the four repeat (4R)
region of the protein [21]. This led to spontaneous calcium oscillations (shown by Fluo-4

indicator) and a slow elevation of the [Ca?*]. of neurons (Fig. 1A-C).



Importantly, [Ca?']. oscillations were followed by mitochondrial calcium uptake (shown by
Rhod-5N staining) and efflux at the time of the cytosolic calcium peaks, with a slow recovery
of [Ca?"]m (Fig. 1A, D). The analysis of the cytosolic calcium oscillations (Fig. 1B-C) revealed
an increased number of occurrences (peaks) in tau-treated cells (Fig. 1E). The characteristics
of these peaks included a significantly higher average area and height and lower FWHW (full

width at half maximum) (Fig. 1F-H) in tau-treated cells.

The ability of tau to induce [Ca?']. changes in cortical neurons could also be observed in
human cortical neurons derived from iPSC with the 10+16 mutation in MAPT gene, which
leads to an overproduction of 4R tau, and is linked to frontotemporal dementia [20]. At D150,
the patient’s neurons showed spontaneous [Ca?*]. oscillations while control neurons did not

induce any spontaneous calcium changes of this altitude or frequency (Figure 1 I-J).

Thus, accumulation of tau induces changes in [Ca?']c of neurons that also modulate
mitochondrial calcium signal. Interestingly, acute stimulation of the primary cultures with K18
tau didn’t induce any calcium signals in the neurons (data not shown). This might suggest
either that these effects are not the result of an immediate or direct effect of this tau fragment
on the cells; or that a cellular modification of the protein (e.g. uptake, aggregation,
phosphorylation) is necessary. Further investigation will be essential to understand the exact

mechanisms/structures by which tau alters the calcium homeostasis.
3.2 Tau modifies glutamate-induced calcium signal in neurons

Glutamate is the major excitatory neurotransmitter and the calcium-induced response to low
concentrations of glutamate (0.5-5uM) is a functional characteristic of neurons. Application of
5 uM glutamate to control primary neurons induced a typical peak-like elevation of [Ca%].
(Figure 2A). However, application of the same concentration of glutamate to primary cortical
neurons pre-incubated for 24 hours with tau (300 nM) produced an increase in [Ca?*] which
was different to control (Figure 2A). Although tau pre-incubation did not significantly changed

the rate of calcium influx or the amplitude of the glutamate-induced calcium signal measured



with Fluo-4 (Fig. 2B, C); it significantly altered the cytosolic calcium efflux (Fig. 2 A, E).
Neurons pre-treated with tau presented a significantly higher calcium efflux half time (Fig. 2E),
indicating that these neurons needed ~1.5x times to drop the [Ca?*]. to 50% of the peak, when

compared to the controls.
3.3 Tau inhibits mitochondrial calcium efflux in neurons

Glutamate-induced cytosolic calcium elevation (Fig. 2A) induces Ca?" uptake by the
mitochondria (Fig. 2F). Pre-incubation of the cells with K18 tau for 24 hours significantly
modified the glutamate-induced changes in [Ca?']m. Although tau induced a significant
increase in the amplitude of mitochondrial calcium uptake (Fig. 2H), it also effectively inhibited
mitochondrial calcium efflux (Figure 2 F, I-J). Notably, both parameters indicating an inhibition
of the rate of calcium efflux (Rhod-5N K decay rate, Fig. 2I; and Rhod-5N half life, Fig. 2J)

were significantly lower and higher, respectively, in neurons treated with tau.

Thus, incubation of primary cortical neurons with tau inhibited mitochondrial calcium efflux

independently of the amplitude of uptake of Ca?*.
3.4 Tau inhibits mitochondrial calcium efflux in astrocytes

Calcium signalling in astrocytes can be on the other hand mediated by different messengers
such as ATP, which is able to activate P2Y receptors on the membrane of the glial cells and
induce an increase in the [Ca?*].. Stimulation of primary co-cultures of neurons and astrocytes
with 100 uM ATP specifically induced a typical cytosolic calcium signal in the astrocytes (Fig.
3A), which was different in the cultures pre-treated with tau K18 300 nM for 24 hours (Fig. 3A-

E).

Importantly, the cytosolic calcium peak was accompanied by calcium uptake in the
mitochondria, as measured simultaneously with Rhod-5N (Fig 3F). Mitochondrial calcium
homeostasis was also different in the astrocytes (Fig. 3F-J), in which tau-pretreatment
inhibited the mitochondrial calcium efflux, in a similar way to what we observed in the neurons

(Fig. 2F-J). Both mCa?" efflux K decay rate (Fig. 3I) and half life (Fig. 3J) were significantly



altered in the tau-treated astrocytes, confirming the slower recovery of the basal [Ca?'|m

compared to the control.

This result suggests that inhibition of the mitochondrial efflux by tau is not restricted to the
neurons, but appears to be a more general phenomenon occurring in both cellular types in

primary cortical co-cultures.
3.5 Tau inhibits mitochondrial NCLX

To further investigate the tau-induced altered mitochondrial calcium efflux, we studied the
mitochondrial Ca?* handling after permeabilizing the primary cultures and exposing the
mitochondria to CaCl: (final free [Ca?*] was 5 uM). As observed in Figure 4B, while in controls
CaCl; induced a m[Ca?'] peak followed by a quickly recover of basal [Ca?']n in cells treated
with tau K18 the calcium efflux was impaired and resembled the one observed when treating
the control cells with the mitochondrial sodium/calcium exchanger (NCLX) inhibitor CPG-
37157 (10 uM) (Fig. 4B). Indeed, mitochondrial NCLX is the main responsible for mitochondrial
calcium extrusion in the neurons. This exchanger works by extruding Ca?" from the
mitochondrial matrix using the electrochemical gradient for Na* entry in the mitochondria. To
investigate its function, we loaded the primary cultures with the sodium indicator CoroNa
Green together with the mitochondrial calcium indicator Rhod-5N and permeablized the cells
using digitonin as described in Methods (Fig. 4A). Subsequent application of CaCl, to the
mitochondria led to an increase in [Ca?*]n followed by a gradual decrease which was paralleled
by a decrease and subsequent increase in [Na‘]m as NCLX exchanged both ions in control
cells (Fig. 4C). In contrast, in cells treated with tau (Fig. 4D), the peak induced by CaCl, was
followed by an altered [Ca?']n efflux and [Na*]n influx, indicating that tau induces the

impairment of the exchanger thus inhibiting the mitochondrial calcium efflux.

3.6 Calcium-induced mitochondrial depolarisation in iPSC-neurons with tau

pathology



Tau-induced inhibition of mitochondrial calcium efflux might lead to pathological
consequences for the neurons through different mechanisms. We first tested if the tau-induced
calcium impairment could alter mitochondrial membrane potential using iPSC-derived neurons
from patients with the 10+16 mutation in MAPT gene. Application of a physiological
concentration of glutamate (5 pM) to the human iPSC-derived cortical neurons induced a
typical increase in [Ca?']c in control cells (Fig. 5A). Simultaneous measurement of
mitochondrial membrane potential (Rhodamine123 was taken as indicator) show no significant
changes in control cells (Figure 5A, D). However, application of the same trigger to iPSC-
derived neurons of patients with the MAPT mutation led to changes in the shape of the
cytosolic calcium signal - in agreement with the responses observed in the primary neurons
treated with K18 tau (Fig. 2A); and, importantly, significant mitochondrial depolarisation (Fig.
5 B-D). As shown in the representative traces in Fig. 5 B, C; the sustained [Ca?*]. increases
in the neurons with tau pathology correlated with the mitochondrial depolarization. This
suggests that the inhibition of mitochondrial calcium efflux could result in the depolarization of
the mitochondria in cells with tau pathology, even in the presence of a physiological stimulus

such as the application of a low dose of glutamate.

Application of 1 yM FCCP at the end of the experiment serves as a positive control to induce
a complete mitochondrial depolarization, and at the same time induces the release of Ca?*
from the mitochondria to the cytosol. Elevation of [Ca?]. in response to FCCP could be
therefore used as an indirect measurement of the mitochondrial calcium pool. Quantification
of the amplitude of this response showed however, no differences between control and MAPT
mutation groups (Fig. 5E), indicating that there were no significant changes in the

mitochondrial calcium content between both groups after a physiological calcium stimulus.

3.7 Repetitive calcium elevation leads to mitochondrial depolarisation in

neurons pre-treated with tau

In the suggested scenario of inhibited mitochondrial calcium efflux, the requirement for

frequent mitochondrial calcium uptake might induce mitochondrial calcium overload and lead



as well to mitochondrial depolarisation. One well-known cellular model to prove this hypothesis
is the low magnesium model of epilepsy in which the removal of Mg?* from the cellular media
leads to repetitive cytosolic calcium peaks induced by glutamate release, that challenge the
capacity of the mitochondria as a Ca?*- buffering organelle [22, 23]. As shown in Fig. 6A, the
removal of Mg?* from the media induced repetitive ;Ca?* oscillations in the neurons, and a
progressive increase in the basal calcium levels, which was much more dramatic when the
cells had been pre-incubated with tau K18 (Fig. 6B). More importantly, not only the incubation
of primary cortical neurons with tau changed the shape of the calcium signal induced by
omitting of Mg?*, but also increased significantly the mitochondrial depolarisation rate in
response to this stimulus (Figure 6 A-C). Thus, incubation of the neurons with tau and
inhibition of the mitochondrial calcium efflux results in mitochondrial depolarisation in response

to repetitive calcium stimulation.

3.8 Mitochondrial calcium overload leads to earlier caspase 3 activation in cells

with the 10+16 MAPT mutation

Mitochondrial calcium overload is an important trigger for the opening of the mitochondrial
permeability transition pore (mPTP), and the induction of cell death in many diseases. For this
reason, we next explored the susceptibility of control and tau-mutated iPSC-derived neurons
to the opening of the mPTP and the induction of cell death under different triggers. We first
tested if a glutamate-induced calcium influx was enough to provoke the opening of the mPTP
and induce apoptosis. To test this, we monitored caspase-3 activation with the indicator
NucView in live cells exposed to a high dose of glutamate (50 uM). As shown in Fig. 7,
glutamate stimulation was not sufficient to trigger mPTP opening and caspase-3 activation in
either control or patient iPSC-neurons. It is known that the electrogenic calcium inonophore
ferutinin [24] induces mitochondrial calcium overload and the opening of mPTP followed by
induction of cell death [25]. Exposition of the iPSC-neurons to 50uM ferutinin indeed induced
the activation of caspase 3 and apoptosis in both control and tau-mutated human iPSC derived

neurons (Fig. 7). However, importantly, in control cells the time from application of ferutinin to



caspase 3 activation was significantly longer compared to patient’s cells (Fig. 7A-B), indicating
an increased susceptibility of the patient cells to the mPTP opening and apoptosis activation
induced by calcium overload. Thus, this result suggests that inhibition of mitochondrial calcium

efflux by tau makes these cells more vulnerable to calcium-induced cell death.

4. DISCUSSION

Here we show that tau is able to alter the cellular calcium homeostasis both in primary cells
treated extracellularly with the protein and in neurons with an intrinsic tau pathology, such as
human iPSC-derived neurons bearing a mutation in the gene MAPT encoding tau. In both
cases, tau induced changes in cytosolic Ca?* mostly in the form of calcium oscillations. This
effect could be produced by a number of factors including alterations in the activity of
glutamate receptors, changes in the plasma membrane potential and triggering of voltage-

gated calcium channels etc.

Stimulation of neurons (with glutamate) and astrocytes (with ATP) induced a typical cytosolic
calcium peak followed by mitochondrial calcium uptake. In our experiments, we show that tau
induced the inhibition of the subsequent mitochondrial calcium efflux. Additionally,
experiments in permeabilized cells showed the impairment of both the [Ca®']m efflux and the
parallel [Na*]n influx in cells treated with tau. Although for mitochondria in neurons several
possible mitochondrial exchangers have been suggested to extrude Ca?* (expression of
NCX1-3; NCLX), all of them produce exchange of Na* to Ca?* [14, 26, 27], so we propose that

tau pathology induces the inhibition of mitochondrial NCLX.

Tau-induced inhibition of the calcium efflux in mitochondria results in a slower mitochondrial
efflux that makes cells vulnerable to fast repetitive calcium fluxes. Our experiments with both
an epileptic-like stimulus and with the electrogenic calcium ionophore ferutinin confirm that
cells with tau pathology have an increased vulnerability to calcium-induced pathology;

inducing mitochondrial depolarization and apoptotic processes faster than control cells.



Modification of the activity of mitochondrial NCLX might affect general mitochondrial function.
Physiological mitochondrial calcium uptake stimulates dehydrogenases in the electron
transport chain [28] and can induce a mild hyperpolarisation of the inner mitochondrial
membrane. However, in our experiments, neurons with the 10+16 MAPT mutation underwent
mitochondrial depolarisation in response to a small concentration of glutamate (Figure 4) that

suggest an inhibitory effect of the delayed calcium efflux on mitochondrial respiration.

The activity of the exchanger is dependent on a number of factors including AWYm [12]. The
inhibitory effect of tau on this transporter is less likely dependent on the effect of the protein
on mitochondrial membrane potential since as we have previously shown, tau is associated

with an increase in AWm in the 10+16 MAPT iPSC-derived neurons [19].

Another possible explanation of tau effect on mitochondrial calcium efflux could be the
induction of the sporadic cytosolic calcium oscillations caused by tau in neurons. Constant
calcium influx could potentially overload mitochondria, resulting in the inhibition of the efflux
upon the stimulation of cells with a more profound calcium signal. However, the indirect
measurement of the mitochondrial Ca?* pool as changes in [Ca?']c induced by the calcium
release from the mitochondria after application of FCCP (Fig. 4) showed no difference
between control and cells with 10+16 MAPT mutation, potentially excluding this mechanism
of NCLX inhibition at least with the physiological stimulus tested in that experiment. Additional
experiments will be required to better understand the specific mechanism by which tau inhibits

mitochondrial NCLX.

Development of the strategy of protection of the cells against calcium induced cell death is
one of the fast-developing field of research. The major ways for protection are: a) inhibiting of
mPTP, b) partial inhibition of mitochondrial calcium uptake [29] or c¢) activation of NCLX [10,
12, 30]. Although using of any of this strategy could bring to potential protection of the cells,
most promising protection could be expected in more targeted to damaged pathways, like in

case of tau — activation of NCLX.



5. CONCLUSIONS

To our knowledge, up to date very few studies have focused on analysing the role of tau in
regulating mitochondrial calcium. Here we provide evidence that both exogenous and
endogenous tau are able to alter neuronal calcium homeostasis. Tau-induced inhibition of
mitochondrial calcium efflux increases the vulnerability of neurons to calcium-induced cell

death, indicating that targeting of mitochondrial NCLX could be a potential new strategy for

tauopathies.
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FIGURE LEGENDS

Fig. 1 Tau induces calcium oscillations in neuronal cells

A. Representative images of cytosolic (Fluo-4, green) and mitochondrial (Rhod-5N, red) [Ca?*]
of cells treated with tau. Scale bar 20 um. Arrows indicate an example of the cytosolic and
mitochondrial regions selected for the quantification. B, C. Cytosolic calcium oscillations
occurring in individual neurons incubated with K18 tau (C) for 24 hours as compared with
control neurons (B). Graph shows n=9 control cells, n=8 tau representative cells presenting
calcium oscillations. D. Representative traces showing calcium oscillations in the cytosol (as
stained by Fluo-4, green) and mitochondria (as stained by Rhod-5N, red) of neurons treated
with K18 tau for 24 hours. E-H. Histograms represent the average+SEM of the characteristics
of the different peaks occurring in B, C: (E, number of occurences (peaks) happening in 110s;
F, peak area; G, peak height, H, peak FWHW) n= 96 control, 315 tau. ***p<0.001, unpaired
Student’s t-test. I, J. Calcium oscillations (measured with Fura-2) occurring in iPSC-derived
neurons (D150) with the 10+16 mutation in MAPT encoding tau protein (J), as compared to a

healthy control at the same age (I).

Fig. 2. Tau modifies glutamate-induced calcium signals and inhibits mitochondrial

calcium efflux in neurons

A. Representative experiment showing the changes in cytosolic calcium measured with Fluo-
4 in response to glutamate 5 pM in control primary cortical neurons and cells treated with 300
nM K18 tau for 24 hours. Traces show the averagexSEM of control n=10, tau n=9 cells. B-E
Histograms show average+SEM of different features of the glutamate-induced calcium
response in control (n=34) and tau-treated cells (n=69): rate of calcium influx in the cytosol
(B); amplitude of the peak (C); and decay rate (D) and half life (E) of the calcium efflux. *
p<0.05, unpaired Student’s t-test. F. Traces show the changes in mitochondrial calcium
measured with Rhod-5N after a cytosolic calcium influx induced by glutamate 5 uM in control
primary cortical neurons and cells treated with 300 nM K18 tau for 24 hours (average+SEM of

control n=30, tau n=53). G-J Histograms show averagexSEM of different features of the



mitochondrial calcium changes in control (n=30) and tau-treated cells (53): rate of calcium
influx in the mitochondria (G); amplitude of the peak (H); and decay rate (I) and half life (J) of

the calcium efflux. * p<0.05, unpaired Student’s t-test.

Fig. 3. Tau modifies ATP-induced calcium signals and inhibits mitochondrial calcium

efflux in astrocytes

A. Graph shows the changes in [Ca?*].in response to 100 yM ATP in astrocytes treated or not
with tau K18 300 nM for 24 hours. Traces represent the averagextSEM of control n=149,
tau=178. B-E. Histograms depict the averagextSEM of different features of the traces
averaged in A: rate of calcium influx in the cytosol (B); amplitude of the peak (C); and decay
rate (D) and half life (E) of the calcium efflux. *** p<0.001, unpaired Student’s t-test. F. Graph
shows the changes in [Ca?*]. after the cytosolic calcium influx induced by 100 uM ATP in
control primary cortical astrocytes treated or not with tau K18 300 nM for 24 hours. Traces
represent the averagexSEM of control n=165, tau=70. G-J. Histograms depict the
averagexSEM of different features of the traces averaged in G: rate of calcium influx in the
mitochondria (G); amplitude of the peak (H); and decay rate (l) and half life (J) of the calcium

efflux. **p<0.01; *** p<0.001, unpaired Student’s t-test.
Fig. 4. Tau inhibits mitochondrial NCLX

A. Representative images showing the sodium (CoroNa Green, green) and mitochondrial
calcium staining (red, Rhod-5N) in primary cultures before and after cellular permeabilization
with 60 uM digitonin. Note the mitochondrial location of the dyes after the permeabilization of
the plasma membrane. Scale bar: 20 um. B. Representative traces showing [Ca?*]n changes
(as indicated by Rhod-5N fluorescence) in permeabilized cells of control, control treated with
the mitochondrial NCLX inhibitor CGP-37157 and tau-treated cells. C-D. Representative
traces showing parallel [Ca?]n (Rhod-5N fluorescence) and [Na'lm (CoroNa Green

fluorescence) changes in permeabilized control (C) and tau-treated (D) cells to study



mitochondrial NCLX function. Experiments were repeated at least 3 times in all the cases in

different coverslips.

Fig. 5. Calcium-induced mitochondrial depolarization in iPSC-neurons with tau

pathology

A-C. Traces show the simultaneous measurement of [Ca?*]; with Fura-2 and mitochondrial
membrane potential with Rhod 123 in representative individual iPSC-derived neurons of a
healthy control (A) and 2 patients with the MAPT 10+16 mutation (B,C). Glutamate 5 uM was
used to induce a calcium influx in the cytosol and FCCP 1 yM as an uncoupler to fully
depolarize the mitochondria. Sustained increases in [Ca?']. correlate with mitochondrial
depolarization. D. Histogram shows the averagetSEM of the % of mitochondrial
depolarization after the glutamate-induced calcium influx (control 1, n=518; control 2, n=305;
control 3, n=554; patient 1, n=605; patient 2, n=1144). Data was normalized so basal levels
represented 0% mitochondrial depolarization and response to FCCP represents 100%.
***p<0.001, one-way ANOVA with Bonferroni means comparisons. E. Histogram shows the
average+SEM of the amplitude of the [Ca?*].increase after mitochondrial depolarization with
FCCP, as an indirect measurement of the [Ca?*]n released from the mitochondria (control 1,

n=887; control 2, n=470; control 3, n=810; patient 1, n=735; patient 2, n=1495).

Fig. 6. Repetitive calcium elevation leads to mitochondrial depolarisation in neurons

pre-treated with tau

A-B. Traces show the simultaneous measurement of [Ca?*]; with Fura-2 and mitochondrial
membrane potential with Rhod 123 in representative individual primary cortical control
neurons (A) and neurons pre-incubated with K18 tau 300 nM for 24 hours (B). Replacement
of aCSF media with low magnesium aCSF media at the indicated time-point induced cytosolic
repetitive signals in the neurons due to glutamate release. FCCP was applied at the end to

fully depolarize the mitochondria. C. Histogram represents the average+SEM of the rate of



mitochondrial depolarization (increase in Rhod 123 signal) after Mg?* removal in control and

tau neurons. (control, n=60 tau, n=91). ***p<0.001, unpaired Student’s t-test.

Fig. 7. Mitochondrial calcium overload leads to earlier caspase 3 activation in cells with

10+16 MAPT mutation

A. Representative traces of iPSC-derived neurons from a healthy control and 2 carriers of the
MAPT 10+16 mutation showing caspase-3 activation in response to ferutinin as indicated by
the sudden increase in NucView fluorescence intensity. B. Histogram represents the
averagexSEM of the time from ferutinin application to caspase-3 activation in n= 206 control,
304 patient 1 and 422 patient 2 neurons. ***p<0.001, one-way ANOVA with Bonferroni means

comparisons.
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