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A B S T R A C T

An imbalance in Ca2+ homeostasis represents an early event in the pathogenesis of Alzheimer’s disease (AD).
Presenilin-1 and -2 (PS1 and PS2) mutations, the major cause of familial AD (FAD), have been extensively
associated with alterations in different Ca2+ signaling pathways, in particular those handled by storage com-
partments. However, FAD-PSs effect on organelles Ca2+ content is still debated and the mechanism of action of
mutant proteins is unclear.

To fulfil the need of a direct investigation of intracellular stores Ca2+ dynamics, we here present a detailed
and quantitative single-cell analysis of FAD-PSs effects on organelle Ca2+ handling using specifically targeted,
FRET (Fluorescence/Förster Resonance Energy Transfer)-based Ca2+ indicators. In SH-SY5Y human neuro-
blastoma cells and in patient-derived fibroblasts expressing different FAD-PSs mutations, we directly measured
Ca2+ concentration within the main intracellular Ca2+ stores, e.g., Endoplasmic Reticulum (ER) and Golgi
Apparatus (GA) medial- and trans-compartment. We unambiguously demonstrate that the expression of FAD-PS2
mutants, but not FAD-PS1, in either SH-SY5Y cells or FAD patient-derived fibroblasts, is able to alter Ca2+

handling of ER and medial-GA, but not trans-GA, reducing, compared to control cells, the Ca2+ content within
these organelles by partially blocking SERCA (Sarco/Endoplasmic Reticulum Ca2+-ATPase) activity. Moreover,
by using a cytosolic Ca2+ probe, we show that the expression of both FAD-PS1 and -PS2 reduces the Ca2+ influx
activated by stores depletion (Store-Operated Ca2+ Entry; SOCE), by decreasing the expression levels of one of
the key molecules, STIM1 (STromal Interaction Molecule 1), controlling this pathway.

Our data indicate that FAD-linked PSs mutants differentially modulate the Ca2+ content of intracellular stores
yet leading to a complex dysregulation of Ca2+ homeostasis, which represents a common disease phenotype of
AD.

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative

disease characterized by a progressive neuronal loss in specific brain
regions, such as hippocampus and amygdala. The main widely accepted
hypothesis for AD pathogenesis, the “amyloid cascade”, considers the
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toxicity exerted by the β-amyloid (Aβ) peptide as the key event leading
to neuronal death [1]. However, AD pharmacological therapies focused
on contrasting the process of Aβ peptides accumulation have failed to
block the progression of the disease in all its characteristic alterations
[2,3], strongly supporting the existence of other factors underlying AD
pathogenesis. Indeed, AD patients show other early cell alterations,
much less investigated, including deregulated Ca2+ homeostasis [4].; is
a key second messenger in neuronal pathophysiology and alterations in
cellular Ca2+ is a key second messenger in neuronal pathophysiology
and alterations in cellular Ca2+ levels are responsible for neuronal
dysfunction and cell death in a number of neurodegenerative diseases
[5–7]. As far as AD is concerned, it has been shown that mutations in
presenilin (PS) genes, responsible for ∼90% of familial AD (FAD) cases
[8], impact on several aspects of cellular Ca2+ homeostasis, in-
dependently of their γ-secretase activity [6,9,10]. In particular, several
groups reported that PSs are able to modify Endoplasmic Reticulum
(ER) Ca2+ handling when expressed in cell lines, however no consensus
has been reached about their mechanisms of action and final effect
[9,10]. Moreover, Ca2+ influx from extracellular milieu also appears to
be regulated by PSs. In particular, the Ca2+ influx activated by in-
tracellular Ca2+ store depletion, the so-called Store-Operated Ca2+

Entry (SOCE [11]) has been reported to be decreased in different FAD-
PS expressing cells [12–18]; Althoughan imbalance in Ca2+ home-
ostasis has been proposed to represent an early event in the patho-
genesis of FAD [16,19,20], the mechanisms through which FAD-linked
PS mutants affect Ca2+ homeostasis are still controversial. In particular,
the role of FAD-PSs in Ca2+ handling managed by intracellular storage
compartments is highly debated. Organelle Ca2+ content in cells ex-
pressing FAD-linked PSs has been measured mainly indirectly [21,22]
and/or in cell populations [13,16,23], and most often in cells over-
expressing PSs [24,25]. A direct, single-cell, measurement of Ca2+

concentration ([Ca2+])inside the ER has been performed only few
times, analysing the effect of PSs knock-out (KO) or FAD-PS1 mutants
expression using D1ER, an ER-targeted Ca2+ sensor [26,27]. This
probe, however, has a relatively high affinity for Ca2+ and, accord-
ingly, at the high [Ca2+] typical of the ER, small variations in cation
concentration are difficult to evaluate. A lower affinity, ER-targeted
Ca2+ probe has been developed by our group [28] and already used to
evaluate ER Ca2+ content in a cell line expressing a FAD-PS2 mutant
[28], neurons from FAD-PS2 transgenic mice [29] and neurons, PC12
and SH-SY5Y cells in response to Aβ oligomers treatment [30]. Here we
present a detailed and quantitative single-cell analysis of PSs effects on
cellular Ca2+ homeostasis. In particular, we compared the effects of
wild type (wt) or mutated PSs overexpression in the neuroblastoma cell
line SH-SY5Y with those of FAD-linked PSs mutants, expressed at
physiological levels, in patient-derived fibroblasts. We directly mea-
sured [Ca2+] within ER and Golgi apparatus (GA) sub-compartments,
using selectively localized, Fluorescence/Förster Resonance Energy
Transfer (FRET)-based probes (ER: D4ER; [28],medial-GA: medialGo-
D1cpv [31]; and trans-GA: Go-D1cpv [32];), or in the cytosol (by the
D3cpv probe [33];). We unambiguously demonstrate that the expres-
sion of FAD-PS2 mutants, but not FAD-PS1, in either SH-SY5Y cells or
FAD patient-derived fibroblasts, is able to alter Ca2+ handling of ER
and medial-GA, but not trans-GA, reducing the [Ca2+] within these
organelles, compared to those of control cells. The molecular target of
this FAD-PS2 effect is the Sarco/Endoplasmic Reticulum Ca2+-ATPase
(SERCA) pump. On the other hand, the expression of both FAD-PS1 and
-PS2 affects Store-Operated Ca2+Entry (SOCE), reducing it by de-
creasing STromal Interaction Molecule 1 (STIM1) expression levels. The
importance of these findings for AD pathogenesis are discussed.

2. Materials and methods

2.1. Cell culture and transfection

SH-SY5Y cells were grown in DMEM (Dulbecco's Modified Eagle

Medium) containing 10% FCS (Fetal Calf Serum), supplemented with L-
glutamine (2mM), penicillin (100 U/ml), and streptomycin (100 μg/
ml), in a humidified atmosphere containing 5% CO2.

Human fibroblasts were obtained from Coriell Institute for medical
research: FAD-PS2-N141I (AG09908, female 81 years old, German);
control for PS2 (AG08525, female 82 years old, German); FAD-PS1-
A246E (AG06840, male, 56 years old, Canadian); control for PS1
(AG08539, male 54 years old, German). Fibroblasts were grown in
DMEM containing 20% FCS, supplemented with L-glutamine (2mM),
penicillin (100 U/ml) and streptomycin (100 μg/ml), in a humidified
atmosphere containing 5% CO2.

Cells were seeded onto glass coverslips (18mm diameter) in 12-well
plates for imaging experiments, or in 6-well plates for Western blot
analysis. Transfection was performed at 60–70% confluence with 1 μg
of DNA (0.25 μg of Cameleon codifying cDNAs and 0.75 μg of pcDNA3
or PSs codifying cDNAs) using Lipofectamine 2000 Transfection
Reagent (Life Technologies) for SH-SY5Y or by electroporation using
the Neon Transfection System (MPK500, Invitrogen) for fibroblasts.
FRET measurements and Western blots were usually performed 24 h
after transfection.

2.2. Ca2+ measurements

Live cells expressing the fluorescent probes were analysed using a
DM6000 inverted microscope (Leica Microsystems, Germany) with a
40X oil objective (HCX Plan Apo, NA 1.25). Excitation light produced
by a 405 nm LED (Led Engin #LZ1-00UA00 LED) was filtered at the
appropriate wavelength (410 nm) through a band pass filter (420/
20 nm), and the emitted light was collected through a beam splitter
(OES, Padua, Italy), emission filters HQ 480/40M (for Enhanced Cyan
Fluorescent Protein, ECFP) and HQ 535/30M (for citrine/cpV-YFP);
dichroic mirror 515 DCXR. The beam splitter permits the collection of
the two emitted wavelengths at the same time, thus preventing artefacts
due to movement of the organelles. All filters were from Chroma
Technologies (Bellow Falls, VT, USA). Images were acquired using an
IM 1.4C cool camera (Jenoptik Optical Systems) attached to a 12-bit
frame grabber. Synchronization of the excitation source and the cool
camera was performed through a control unit run by a custom-made
software package, Roboscope (developed by Catalin Dacian Ciubotaru
at VIMM, Padua, Italy). Exposure time varied from 100ms to 200ms,
depending on the intensity of the fluorescent signal of the cells ana-
lysed. Frequency of image capture depends on the speed of fluorescence
changes we were detecting: usually images are acquired every second.

During the experiment, cells plated on coverslips were mounted into
an open-topped chamber thermostated at 37 °C and maintained in an
extracellular medium, composed by modified Krebs-Ringer Buffer
(mKRB) containing in mM: 140 NaCl, 2.8 KCl, 2 MgCl2, 1 CaCl2, 20
HEPES, 11 glucose, pH 7.4, at 37 °C. All media were perfused through a
temperature controller (Warner Instruments, TC-324B) set to have a
constant temperature of 37 °C within the chamber.

For store Ca2+ content evaluation, cells were firstly perfused with
mKRB containing 1mM CaCl2; after perfusion with 300 μM EGTA, cells
were stimulated by perfusion of bradykinin (BK, 100 nM) and/or cy-
clopiazonic acid (CPA, 20 μM); thereafter, the Ca2+ ionophore iono-
mycin (1 μM) was applied (not with the D4ER probe) to completely
discharge the stores; finally digitonin (40 μM, to obtain plasma mem-
brane permeabilization) in Ca2+-free intracellular-like medium
(130mM KCl, 10mM NaCl, 1 mM MgCl2, 2 mM succinic acid and
20mM HEPES, 7 pH, at 37 °C) and then a saturating CaCl2 concentra-
tion (3mM) were applied. To prevent gross morphological changes of
the ER upon cell permeabilization, dextran (5%) has been added to the
intracellular-like medium.

For Ca2+ pumping experiments, a Ca2+-buffered solution was pre-
pared by adding to the intracellular medium: 1mM H-EDTA, 1mM
MgCl2, 2 mM EGTA and 350 μM CaCl2. The free [Ca2+] (100 nM) was
estimated by Maxchelator 2.5 and checked by fluorimetric
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measurements with fura-2 free-acid. 200 μM ATP-Na salt was added to
this Ca2+-buffered solution at the beginning of the experiment.

For SOCE activation, cells were pre-treated with the irreversible
SERCA inhibitor thapsigargin (100 nM) for 7min in a Ca2+-free, EGTA
(600 μM)-containing medium; cells were then perfused with the same
medium without the inhibitor and challenged with CaCl2 (1.5 or 3mM).
Where indicated, extracellular-like medium was substituted with K+-
based medium (in mM: 5 NaCl, 130 KCl, 2 MgCl2, 3 CaCl2, 10 HEPES,
11 glucose, pH 7.4 at 37 °C).

2.3. Ca2+ imaging experiments analysis

Off-line analysis of FRET experiments was performed using ImageJ
software. Circularly permuted Venus (cpV) or citrine and ECFP images
were subtracted of background signals and proper regions of interest
(ROIs) were selected on each imaged cell; the ratio (R) between cpV (or
citrine for D4ER) and ECFP mean fluorescence signal was calculated for
each ROI (R=F530/F480).

Ca2+ imaging data are presented as:

- changes in emission ratio at 530/480 nm (R) normalized to the ratio
at full Ca2+ saturation, calculated as:

R% = (R− Rmin)/(Rmax − Rmin)×100

where Rmax and Rmin are the R values in permeabilized cells (or in the
presence of the ionophore ionomycin) at saturating [Ca2+] and in the
absence of Ca2+;

• ΔR/R0, for SOCE experiments; ΔR is the change of the cpV/ECFP
emission intensity ratio at any time, R0 is the fluorescence emission
ratio at the time 0;

• [Ca2+], calculated as described in [34]: for D4ER, Kd=321 μM and
n (Hill coefficient)= 1.01 [28]; for Go-D1cpv Kd=25 μM and
n=0.88 [32]; or medialGo-D1cpv Kd= 27 μM and n=0.77 [31].

Data were analysed using Microsoft Excel and Origin 7.5 SR5
(OriginLab Corporation) to calculate rates and peaks.

2.4. Preparation of protein extracts and western blot analysis

Human fibroblasts or SH-SY5Y cells overexpressing PSs were solu-
bilised in RIPA buffer (50mM Tris, 150mM NaCl, 1% Triton X-100,
0.5% deoxycholic acid, 0.1% SDS, protease inhibitor cocktail, pH 7.5)
and incubated on ice for 30min. Insolubilized material was spun down
at 4000 g for 5min at 4 °C. 40 μg of protein were loaded onto poly-
acrylamide gels and immunoblotted. Proteins were resolved by
TruPAGE Precast Gels 4–12% (Sigma Aldrich) in TruPAGE TEA-Tricine
SDS Running Buffer (Sigma Aldrich) and blotted onto a nitrocellulose
membrane and probed with anti-STIM1 antibody (BD Transduction
Laboratories Purified Mouse 1:250), anti-STIM-2 antibody (Sigma
S8572 Rabbit 1:1000) or anti-actin antibody (Sigma A2228 Mouse
1:3000). The proteins are visualized in chemiluminescence using a
secondary antibody anti-Mouse (Bio-Rad, 1:5000) or anti-Rabbit (Bio-
Rad, 1:3000). Densitometry was performed using ImageJ software
(National Institutes of Health). When indicated, 1 μM DAPT (N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester) has been
added to the cultured medium overnight before protein extraction.

2.5. Immunocytochemistry

SH-SY5Y cells expressing PS2 and D4ER or Go-D1cpv or medialGo-
D1cpv were fixed in Phosphate Buffered Saline (PBS) containing 4%
paraformaldehyde for 15min, incubated with 50mM NH4Cl for 20min,
permeabilized with 0.1% Triton X-100 in PBS for 3min and then

blocked with 2% BSA and 0.2% gelatine for 30min; PS2 was stained
using an anti-PS2 antibody (Santa Cruz Biotechnology, Dallas, Texas,
USA; 1:100). Alexa Fluor 555 conjugated goat anti-goat (Thermo Fisher
Scientific) was applied for 1 h at room temperature. Coverslips were
mounted using Mowiol (Sigma-Aldrich, Saint Louis, MI, USA). Images
were collected at Leica TCS-SP5-II confocal system, equipped with a
Plan Apo 100×/1.4 numerical aperture objective. For all images, pin-
hole was set to 1 Airy unit. The Argon laser line (488 nm) was used to
excite the fluorescent proteins of the Cameleon sensors and the He/Ne
543 nm laser was used to excite the Alexa Fluor555 antibody. Confocal
microscopy imaging was performed at 1024×1024 pixels, with a
200 Hz acquisition rate.

2.6. Materials

Thapsigargin, Bradykinin, Digitonin, EGTA and CaCl2 were pur-
chased from Sigma-Aldrich. CPA, ATP, DAPT and Ionomycin were
purchased from Abcam. All other materials were analytical or of the
highest available grade.

2.7. Statistical analysis

All data are representative of at least 3 experiments. Numerical
values presented throughout the text are mean ± SEM (N=number of
independent experiments or cells; ∗= p < 0.05, ∗∗=p < 0.01, ∗∗∗=
p < 0.001, unpaired Student’s t test).

3. Results

3.1. The FAD-linked PS2-T122R mutant, but not PS1-A246E, reduces ER
and medial-GA [Ca2+] resting levels in SH-SY5Y cells

PS2, both endogenous or transiently expressed, has been reported to
localize in intracellular membranous compartments, mostly ER and GA
[35,36]. In order to analyse, in SH-SY5Y cells, the intracellular locali-
zation of exogenously expressed PS2, both wt and carrying the patho-
logical mutation T122R, the cDNA of PS2 (wt or T122R) was transiently
co-transfected with those of Cameleons specifically targeted to the ER
[28], the medial- [31] or the trans-GA [32]. PS2 (immunolabeled by a
specific anti-PS2 antibody) co-localizes in part with each of the three
fluorescent Ca2+ probes (Fig. 1), confirming that the protein, either wt
or mutated, is localized in all the three compartments.

Single-cell analysis of Ca2+ handling was performed in cells co-ex-
pressing PS2 and one of the three probes, D4ER, medialGo-D1cpv or
Go-D1cpv. Cells were excited at 425 nm and the emissions of the donor,
ECFP, at 480 nm, and of the acceptor, cpV (or citrine for D4ER), at
540 nm were simultaneously recorded. The ratio between the fluor-
escent intensity emitted at 540 and 480 nm (R) is a function of the
[Ca2+] experienced by the probe and provides a rapid qualitative es-
timate of the changes of this parameter over time (see Materials and
Methods). To calibrate the R signal in terms of absolute [Ca2+] (see
[34] for details), R values at very low (Rmin) and very high (Rmax)
[Ca2+] need to be measured. To this end, cells were permeabilized with
digitonin (or treated with the Ca2+ ionophore ionomycin) while per-
fused with a Ca2+-free medium containing 0.5 mM EGTA, to reach Rmin

and finally, with a medium containing no EGTA and 3mM CaCl2 to
reach Rmax.

Representative traces of [Ca2+] changes in the three compartments
are presented (Fig. 2A,C,E) as R changes, normalized to Rmax and Rmin

(R%, see Materials and Methods). In panel 2 A (ER), cells were first
challenged (in a Ca2+-free medium and in the presence of EGTA) with
the SERCA inhibitor CPA and the agonist bradykinin (BK), that caused a
very rapid and large decrease of the signal to a level that was not fur-
ther decreased by plasma membrane (PM) permeabilization with digi-
tonin. Qualitatively, the response to BK plus CPA was identical in
controls and cells expressing PSs, but the R starting values were clearly
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lower in cells expressing PS2 (wt or FAD-mutant). Panels 2C and 2E
show the results obtained with cells expressing medial- or trans-GA-
localized probe, respectively. In this case, the complete depletion of
Ca2+ from the two GA compartments was obtained with ionomycin,
given that CPA plus BK caused only a partial emptying of these GA
regions (see Fig. 3C and [31,32]). The values of Rmin and Rmax obtained
using ionomycin were not significantly different when digitonin was
used instead (data not shown). As for the ER, also in the medial-GA, but
not in the trans-GA, the initial R values in cells expressing PS2 (wt or
FAD-mutant) were clearly lower, compared to those found in control
and PS1-expressing cells. In the corresponding histograms (Fig. 2B,D,F),
the values of resting [Ca2+] are presented, calculated from R% values,
using the previously reported Kds [28,31,32], as described in Materials
and Methods. Please note that, in these and the following experiments,
despite the absolute values of R measured in the ER are similar or
smaller than those in medial- and trans-GA, [Ca2+] values after con-
version are, as expected, higher in the ER. This is due to the higher Kd of
the probe used to monitor the [Ca2+] within the ER, compared to those
of the probes targeted to GA sub-compartments [28,31,32].

As already reported in BHK cells [28], also in SH-SY5Y cells the
expression of either wt or the FAD-linked PS2-T122R mutant strongly
reduced the ER Ca2+ level (Fig. 2A,B and Table S1). In particular, in
terms of [Ca2+], we observed a reduction, compared to control cells, of

40 and 46% in the case of PS2 wt and PS2-T122R expression, respec-
tively. Cells expressing PS1, wt or carrying the FAD-linked mutation
A246E, were also analysed and no effect on ER [Ca2+] was observed
(Fig. 2A,B and Table S1). Similar results were found in the medial-GA:
expression of PS2, wt or T122R, led to markedly reduced R% values in
resting conditions, that in terms of [Ca2+] reflect a 72 and 70% re-
duction, respectively (Fig. 2C,D and Table S1). Again, no difference was
found in the medial-GA Ca2+ content upon expression of PS1, either wt
or mutated (Fig. 2C,D and Table S1). Trans-GA Ca2+ levels, instead,
were not affected by the expression of any of the PSs expressed.

3.2. ER and medial-GA [Ca2+] are affected in FAD-PS2 patient-derived
fibroblasts

To investigate whether the reduction in ER and medial-GA [Ca2+]
observed in PS2-expressing SH-SY5Y cells could be due to protein
overexpression, human fibroblasts from FAD patients carrying the
mutations PS2-N141I or PS1-A246E (as well as fibroblasts from healthy
age-matched controls) were similarly analysed (Fig. 3). In these cells,
no variation in the total expression level of PSs has been reported [16].

In Fig. 3A, the same protocol used in Fig. 2A was applied. In Fig. 3C,
before the complete depletion of the medial-GA by ionomycin addition,
cells were treated with BK, which, as expected, caused only a partial

Fig. 1. Cameleon Ca2+ probes and PS2 co-localization in SH-SY5Y cells. Immunofluorescence of SH-SY5Y cells expressing PS2 (wt or T122R, as indicated) and
one of the Cameleon probes (ER, medial-GA- or trans-GA-targeted, as indicated). PS2, either wt or T122R, was immunolabeled by an anti-PS2 antibody. Scale bar,
10 μm.
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drop in the signal. When the R% values were calibrated in terms of
[Ca2+], a reduction of 47% in resting [Ca2+]ER was measured in FAD-
PS2-N141I patient-derived fibroblasts, compared to cells from an age-
matched control (Fig. 3A,B and Table S2). On the contrary, no differ-
ences in resting [Ca2+]ER values were measured between controls and
FAD-PS1-A246E human fibroblasts (Fig. 3A,B and Table S2). Similarly,
FAD-PS2-N141I patient-derived fibroblasts showed a 71% reduced
[Ca2+] in the medial-GA (Fig. 3C,D and Table S2), compared to control
cells. There were instead no differences in medial-GA [Ca2+] between
control and FAD-PS1-A246E fibroblasts (Fig. 3C,D and Table S2). Of
note, the medial-GA [Ca2+] was significantly different between

fibroblasts from healthy individuals used as PS2 and PS1 age-matched
controls. Despite we do not have a conclusive explanation for this dif-
ference, a high variability between human subjects is commonly re-
ported and, in this specific case, it could be age-linked. Indeed, the PS2-
age-matched control subject is 80 years old, significantly older than the
PS1-matched control one (60 years old; see Materials and Methods).

3.3. FAD-PS2 mutants reduce ER and medial-GA Ca2+ uptake by inhibiting
SERCA activity

To elucidate the molecular mechanisms underlying the reduction of

Fig. 2. Ca2+ dynamics in different in-
tracellular compartments of SH-SY5Y cells.
Ca2+ dynamics in SH-SY5Y cells, as detected by
(A, B) ER-, (C, D) medial-GA- and (E, F) trans-
GA-targeted Ca2+ probes. (A, C, E)
Representative traces of a typical experiment
performed in SH-SY5Y cells upon different ad-
ditions (as indicated). Data are presented as R%
(see Materials and Methods). (B, D, F)
Histograms reporting the conversion in [Ca2+]
of mean R% values in the different subcellular
compartments: (B) ER, (D) medial-GA and (F)
trans-GA. Data are presented as mean ± SEM
of N≥ 10 cells. ** p < 0.01; *** p < 0.0001.

Fig. 3. Ca2+ dynamics in different in-
tracellular compartments of FAD patient-
derived fibroblasts. Ca2+ dynamics in human
fibroblasts from FAD patients, or heathy con-
trols, as detected by (A, B) ER- and (C, D)
medial-GA-targeted Ca2+ probes. (A, C)
Representative traces of a typical experiment
performed in fibroblasts upon different addi-
tions (as indicated). Data are presented as R%
(see Materials and Methods). (B, D) Histograms
reporting the conversion in [Ca2+] of mean R%
values in ER (B) and medial-GA (D) for PS2-
N141I and age-matched control fibroblasts, and
ER (B) and medial-GA (D) for PS1-A246E and
age-matched control fibroblasts. Data are pre-
sented as mean ± SEM of N≥ 14 cells. **
p < 0.01; *** p < 0.0001.
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ER and medial-GA Ca2+ content induced by PS2, we evaluated the
efficacy of SERCA pump activity in these two compartments in SH-SY5Y
cells co-expressing the D4ER, or the medialGo-D1cpv, probe and PS2
(wt or T122R; or the void vector as a control). Importantly, it has been
previously demonstrated that the expression levels of the pump in
control and FAD-PS2-expressing cells, as well as in brains of wt and
FAD-PS2 transgenic mice, are indistinguishable [23,29]. Cells were pre-
incubated in a Ca2+-free, EGTA-containing medium in the presence of
the SERCA inhibitor CPA for 10min, to induce intracellular Ca2+ stores
depletion. Cells were then permeabilized, washed with an intracellular-
like medium containing EGTA and perfused with Ca2+ (100 nM) in the
presence of ATP (200 μM). Under these conditions, the [Ca2+], eval-
uated as R%, within the ER and medial-GA rapidly returned to a steady
state of about 60–70% of the maximum level reached upon addition of
3mM CaCl2 (Fig. 4A,C). The expression of PS2, both wt and mutated,
significantly reduced both the steady-state Ca2+ level reached within

the ER, as well as the rate of ER refilling (Fig. 4A,B and Tables S3).
Similarly, in the medial-GA the two parameters were strongly reduced
in PS2-, wt or mutated, expressing cells compared to controls (Fig. 4C,D
and Tables S3). As expected, the expression of FAD-PS2-T122R (or PS2
wt) did not alter either the steady-state level reached upon a controlled
refilling or the rate of luminal [Ca2+] increase within the trans-GA
(Fig. 4G,H and Tables S3).

Altogether, these results suggest that the expression of wt or FAD-
PS2-T122R decreases ER and medial-GA [Ca2+] likely by inhibiting the
SERCA pump, confirming previous data [23,28,31,37]. On the contrary,
trans-GA [Ca2+] is not affect by PS2 expression, suggesting that the
trans-GA Ca2+ pump, the Secretory Pathway Ca2+ ATPase1 (SPCA1;
[32,37,38]), is not inhibited. To confirm this conclusion, we transfected
SH-SY5Y cells with the cDNA for the medial-GA Ca2+ probe together
with PS2 (wt or FAD mutant), and applied the same protocol described
above, except for the presence of the SERCA inhibitor CPA during the

Fig. 4. Ca2+ refilling of different in-
tracellular compartments in SH-SY5Y cells.
Ca2+ refilling of intracellular stores in SH-SY5Y
cells, as detected by (A, B) ER-, (C, D, E, F)
medial-GA- and (G, H) trans-GA-targeted Ca2+

probes. (A, C, E, D) Representative traces of a
typical experiment performed in SH-SY5Y cells
upon different additions (as indicated): after
intracellular Ca2+ store depletion, cells were
permeabilized in an intracellular-like medium
containing EGTA, then perfused with 100 nM
Ca2+ in the presence of 200 μM ATP. Data are
presented as R% (see Materials and Methods).
(B, D, F, H) Histograms reporting the rate of
Ca2+ refilling in the different conditions: (B)
ER, (D) medial-GA (F) medial-GA in the pre-
sence of CPA and (H) trans-GA. Data are pre-
sented as mean ± SEM of N≥ 5 cells. *
p < 0.05.
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Ca2+ uptake phase. In this condition, only SPCA1, the other pump re-
sponsible for medial-GA Ca2+ uptake [31], is able to pump Ca2+ inside
the medial-GA lumen. As predicted, although in the absence of SERCA
activity the rate of Ca2+ refilling and the steady state [Ca2+] were
reduced, neither of them was altered in PS2-expressing cells compared
to controls, confirming that the activity of SPCA1 is not affected by PS2
expression (Fig. 4E,F and Tables S3).

Of note, comparing the refilling rate of medial-GA in the presence or
in absence of CPA, similar values were obtained in PS2-expressing cells
without the inhibitor (Fig. 4C,D) and in control or PS2-expressing cells
treated with CPA (Fig. 4E,F), indicating that SERCA pump is almost
completely inactivated by PS2 expression in this organelle.

Importantly, the SERCA pump activity was reduced also in FAD-PS2
patient-derived fibroblasts, compared to their controls: in fact, in both
ER and medial-GA, the steady-state luminal [Ca2+] upon Ca2+ refilling
was lower than in controls and similarly, the Ca2+ refilling rate was
reduced compared to controls (Fig. 5 and Tables S4). These results
further demonstrate that FAD-linked PS2, expressed at physiological
levels as in patient fibroblasts, is more efficient in SERCA inhibition
than the wt protein.

3.4. Ca2+ leak from ER and medial-GA is not modified by FAD-PS2
mutants

Since the steady state of [Ca2+] in intracellular stores depends on
the balance between influx (e.g., refilling mechanisms) and efflux (e.g.,
leak) pathways, we investigated whether the reduced resting [Ca2+] in
ER and medial-GA observed in cell expressing FAD-PS2 were, at least in
part, due to an altered passive Ca2+ leak. In order to flatten potential
differences in Ca2+ leak due to different ER and medial-GA Ca2+

contents, as we found in control and PS2-expressing cells (Fig. 2A–D),
control cells were incubated, before starting Ca2+ measurements, in an
EGTA-containing medium for a time suited to partially deplete both the
ER and the medial-GA (see Materials and Methods). After these treat-
ments, the average starting Ca2+ content in the ER (264 ± 15 μM;
n=9) and medial-GA (45 ± 4 μM; n=9) of pre-depleted control cells
matched those of PS2 (wt or FAD-PS2) expressing cells (Fig. 6A, C).

Passive Ca2+ leak from the stores was then measured by incubating the
cells in an extracellular-like medium containing EGTA and CPA, in
order to inhibit SERCA-mediated Ca2+ uptake. The expression of PS2
(wt or mutated) did not affect the rate of passive Ca2+ leak pathways in
neither the ER nor the medial-GA (Fig. 6 and Table S5). Noteworthy, in
these and the previous experiments, the rates of luminal [Ca2+] in-
crease (and decrease) measured are underestimations of the total Ca2+

uptake rates (or releases). In fact, a large fraction of the Ca2+ taken up
by the organelles is bound by luminal Ca2+ buffers, whose quantity and
affinity is however still unknown. In particular, the initial rates of lu-
minal [Ca2+] increases (as measured after complete Ca2+ depletion of
the organelles) are likely to be most underestimated, given that the
luminal Ca2+ is very low and the buffering capacity maximal. These
considerations allow explaining the paradoxical result that, in medial-
GA, the rates of the initial Ca2+ refilling are lower than those of luminal
Ca2+ leak at steady state.

3.5. FAD-PSs reduce SOCE activation and the expression level of STIM1

Since the filling of intracellular Ca2+ stores is also dependent on the
specific Ca2+ entry from the PM activated by store depletion itself (i.e.,
SOCE), we investigated the impact of FAD-linked PS mutants on this
Ca2+ influx pathway. SH-SY5Y cells were transfected with wt or mu-
tated PSs, or with an empty vector, as a control. Changes in cytosolic
[Ca2+] ([Ca2+]c) were monitored using the cytosolic FRET-based ge-
netically encoded Cameleon probe D3cpv. To activate SOCE, ER Ca2+

depletion was induced by pre-incubating cells in an extracellular-like,
Ca2+-free, EGTA-containing, medium in the presence of the irreversible
SERCA inhibitor thapsigargin (see Materials and Methods). Upon Ca2+

re-addition, SOCE was detected as a large [Ca2+]c increase (Fig. 7A).
Fig. 7A shows representative Ca2+ traces, presented as ΔR/R0 (see

Materials and Methods). Average plateau values, reached after Ca2+ re-
addition, revealed that the expression of both PS1 and PS2, either wt or
mutated, similarly affect SOCE, causing a decrease of about 30%,
compared to that measured in control cells (Fig. 7A and Table S6). The
maximal rate of [Ca2+]c increase was also calculated and was clearly
decreased in PSs-expressing cells (Fig. 7C and Table S6).

Fig. 5. Ca2+ refilling of different intracellular
compartments in FAD patient-derived fibroblasts.
Ca2+ refilling of intracellular stores in FAD-PS2-N141I
patient-derived fibroblasts, and relative controls, as
detected by (A, B) ER- or (C, D) medial-GA-targeted
Ca2+ probes. (A, C) Representative traces of a typical
experiment performed in fibroblasts upon different
additions (as indicated): after intracellular Ca2+ stores
depletion, cells were permeabilized in an intracellular-
like medium containing EGTA, and then perfused with
100 nM Ca2+ in the presence of 200 μM ATP. Data are
presented as R% (see Materials and Methods). (B, D)
Histograms reporting the rate of Ca2+ refilling in (B)
ER and (D) medial-GA. Data are presented as
mean ± SEM of N≥ 7 cells. ** p < 0.01; ***
p < 0.0001.
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Alterations in PM potential can affect the rate and extent of SOCE,
by altering the driving force for Ca2+ entry [39]. To exclude the pos-
sibility that PSs expression could affect PM potential, a set of experi-
ments has been performed using a protocol similar to that described
above, except that cells were perfused with a medium in which NaCl
was iso-osmotically substituted by KCl (K+-based medium; see Mate-
rials and Methods). Under these conditions, the PM potential collapses
and differences in PM potential among cells are mostly abridged. Since,
however, the driving force for Ca2+ entry is now decreased, the con-
centration of Ca2+ re-added upon store depletion was doubled with
respect to the previous protocol (3 mM; Fig. 7D). Also in these condi-
tions, the average Ca2+ plateau values measured after Ca2+ re-addition
and the rate of Ca2+ entry were reduced upon PSs expression (Fig. 7E, F
and Table S6).

FAD patients-derived fibroblasts carrying the PS1-A246E or the PS2-
N141I mutation, and cells from aged-matched healthy controls, were
similarly analyzed, activating SOCE using the same protocol described
above. A clear reduction in both the Ca2+ plateau values and the rates
of [Ca2+]c increase was observed in both FAD PS1 and PS2 fibroblasts,
compared to their age-matched controls (Fig. 8 and Table S7).

Similar experiments, but using a K+-based medium, were also
performed with these cells. However, the presence of L-type Voltage-
Operated Ca2+ Channels (VOCCs; [40]), and the activation of a not

well-defined K+-exchanger in fibroblasts (Greotti et al., unpublished
results) prevented the possibility of applying this protocol to properly
analyze SOCE.

With a lower steady-state [Ca2+]ER, PS2-expressing cells should
show an activated SOCE at resting conditions and higher cytosolic Ca2+

levels, compared to control and PS1-expressing cells. We thus evaluated
both parameters in control and PS1- or PS2-expressing SH-SY5Y cells.
To this end, the following experimental protocol was applied: SH-SH5Y
cells, control or expressing PS1 or PS2 (wt or FAD mutant) together
with the cytosolic Cameleon probe D3cpv, were perfused in an extra-
cellular Na+-based saline and then in a K+-based saline, both supplied
with 1mM CaCl2. Ca2+ was then replaced by EGTA (0.6mM) and, ul-
timately, CaCl2 (3mM) was re-perfused (Supplementary Fig. 1A). In the
first part of the experiment, we evaluated R values at resting (Na+ or
K+) conditions, while the last steps allowed the evaluation of SOCE at
resting conditions, having excluded possible PM contributions. We
found that the expression of PS1 or PS2 did not change resting Ca2+

levels both in physiological conditions (i.e. using an extracellular Na+-
based saline; Supplementary Fig. 1B), and in conditions that collapse
PM potential (i.e. K+-based medium; Supplementary Fig. 1C). Similarly,
resting SOCE was unaffected by the expression of PSs (Supplementary
Fig. 1D).

The ER Ca2+ sensor STIM1 and the pore-forming subunit of the PM

Fig. 6. Ca2+ leak of different intracellular com-
partments in SH-SY5Y cells. Ca2+ leak of in-
tracellular stores in SH-SY5Y cells expressing PS2 (wt
or T122R), and relative pre-depleted controls with si-
milar Ca2+ content within ER (A, B) and medial-GA (C,
D), as detected by specific Ca2+ probes targeted to the
lumen of the specific organelle. (A, C) Representative
traces of a typical experiment upon different additions
(as indicated): passive Ca2+ leak was measured in-
cubating cells in an extracellular-like medium con-
taining EGTA (0.6 mM) and CPA (20 μM). Data are
presented as R% (see Materials and Methods). (B, D)
Histograms reporting rates of Ca2+ leak in the different
conditions: (B) ER and (D) medial-GA. Data are pre-
sented as mean ± SEM of N≥ 7 cells.

Fig. 7. Ca2+ dynamics induced by
SOCE activation in SH-SY5Y cells
expressing different PSs, and relative
controls, as detected by the cytosolic
Cameleon Ca2+ probe D3cpV. (A, D)
Representative traces of a typical ex-
periment performed in cells transfected
with the cDNA for PSs, or the void
vector: cells were pre-treated to empty
intracellular stores, then perfused with
a medium containing 1.5mM (A) or
3 mM (D) CaCl2. Data are presented as
ΔR/R0. (B, C and E, F) Histograms re-
porting (B, E) the average plateau va-
lues, measured as difference between
plateau and basal levels, or (C, F) the
rate of luminal [Ca2+] increase nor-
malized to controls, for each condition.
(D-F) Cells were bathed in an extra-

cellular K+-based medium (see Materials and Methods). Data are presented as mean ± SEM of N≥ 14 cells. * p < 0.05; ** p < 0.01; *** p < 0.0001.
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channel Orai1 are the major molecular players in SOCE activation. To
check whether alterations in the expression level of STIM1 could be
involved in the decreased SOCE activation observed upon PSs expres-
sion, its protein levels were evaluated by Western blotting in SH-SY5Y
cells overexpressing PSs. Compared to controls, a significant decrease in
STIM1 protein level was observed in all the conditions tested
(Fig. 9A,B). Similarly, a reduction of 40% in STIM1 protein level was
calculated in FAD-PS1-A246E or FAD-PS2-N141I patient-derived fi-
broblasts, compared to their respective age-matched controls
(Fig. 9C–F). A lower amount of STIM1 protein, compared to controls,
was present also in PSs-expressing cells treated with the γ-secretase
inhibitor DAPT (Supplementary Fig. 2), demonstrating that the ob-
served reduction is not dependent on PSs γ-secretase activity. On the
contrary, the expression levels of STIM2 protein, which has been pro-
posed to have a role in setting ER [Ca2+] [11], were not significantly
different between FAD cell models and relative controls (Supplemen-
tary Fig. 3).

4. Discussion

The critical role of Ca2+ in AD pathogenesis originates from studies
carried out more than 20 years ago, in which altered cytosolic Ca2+

responses in peripheral cells from patients with sporadic or familial
forms of AD were reported [41,42]. Moreover, during the initial phases
of aging, intracellular Ca2+ handling undergoes multiple changes [43],

which are dramatically amplified and anticipated in AD [42,44,45],
converging in synaptic defects and memory impairments. Exaggerated
Ca2+ rises were found in different cell and animal FAD models, leading
to the formulation of the “Ca2+ overload” hypothesis for AD [46], that
was also supported by additional data [21] (reviewed in [47]). This
hypothesis, however, was later questioned by a number of groups re-
porting either no alteration or reduced [Ca2+] in the ER of cells ex-
pressing wt or FAD-mutant PSs [13,16,17,23–27,29,48]. Foskett and
coworkers suggested that the previously reported “Ca2+ overload”
caused by FAD-PS expression was apparent and due to an exaggerated
Ca2+ release caused by an increased sensitivity of inositol trisphosphate
receptors (IP3Rs) [48–51]. Finally, some attempts to clarify the PSs role
in Ca2+ homeostasis have been carried out using KO models for both
PS1 and PS2. No differences in ER Ca2+ levels and dynamics were
found between wt and PSs double-KO (DKO) hippocampal neurons [52]
or Mouse Embryonic Fibroblasts (MEFs) [27]. However, also in this
case, contradictory results have been obtained on the amount of Ca2+

released from the ER in MEFs KO for PSs, which was found to be at-
tenuated [53] or amplified [21].

Altogether these findings, while supporting a key role for Ca2+

dysregulation in AD pathogenesis, highlight the need to use specific
organelle-targeted Ca2+ indicators to directly investigate intracellular
stores Ca2+ dynamics. In addition, it is important to distinguish be-
tween the effects on Ca2+ handling due to protein overexpression, as in
cell lines and most transgenic animals, from those dependent on the PS

Fig. 8. Ca2+ dynamics induced by
SOCE activation in FAD patient-de-
rived fibroblasts, and relative con-
trols, as detected by the cytosolic
Cameleon Ca2+ probe D3cpV. (A–D)
Representative traces of a typical ex-
periment performed in fibroblasts from
FAD patients carrying the PS1-A246E
(A) or the PS2-N141I (D) mutation,
compared to age-matched controls.
Cells were pre-treated to empty in-
tracellular stores and perfused with a
medium containing 1.5 mM CaCl2. Data
are plotted as ΔR/R0. (B, C, E, F)
Histograms show average peak values
(B, E), measured as difference between
peak and basal levels, or rates of [Ca2+]
increase (C, F), normalized to controls.
Data are presented as mean ± SEM of
N≥ 14 cells. * p < 0.05; ** p < 0.01;
*** p < 0.0001.

Fig. 9. STIM1 protein expression le-
vels in different PS-expressing cells.
STIM1 protein levels in PSs-expressing
SH-SY5Y cells (A, B) and human FAD
fibroblasts (C, F). Total proteins from
wt and mutant PS-expressing cells, and
relative controls, were extracted and
analyzed by Western blotting. (A, C, E)
Representative blots stained with anti-
bodies anti-STIM1 and anti-actin, as a
loading control. (B, D, F)
Quantification of STIM1 protein levels,
normalized to actin. Data are presented
as mean ± SEM of N≥ 4 independent
experiments. * p < 0.05; ** p < 0.01.
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mutations themselves, as in cells from heterozygous FAD patients. We
thus carried out a detailed and quantitative single cell analysis of
[Ca2+] in the ER and GA sub-compartments, using as models the
neuronal cell line SH-SY5Y, transfected with wt or FAD-linked PSs, and
fibroblasts from healthy donors or FAD patients. In addition, the effects
of PSs on [Ca2+]c caused by SOCE activation were investigated in the
same cell models. The results obtained are unambiguous, in particular:
i) overexpression of wt PS2, but not PS1, reduces the levels of ER and
medial-GA luminal [Ca2+] by a negative control of the SERCA pump; ii)
the effects of the expression of FAD-linked PS2 were qualitatively and
quantitatively very similar to those obtained overexpressing the wt
protein; iii) this phenotype was observed also in FAD-PS2 (but not in
FAD-PS1) patient-derived fibroblasts that express the FAD- PS2 muta-
tion in heterozygosis (thus presenting the same total PS2 protein level
of controls [16]); iv) FAD-PS2 and FAD-PS1 mutants show no defect in
Ca2+ handling of the trans-GA, a compartment where IP3Rs and SERCA
pumps are not expressed [32,37]. In conclusion, PS2, but not PS1, ap-
pears to be a negative regulator of the SERCA and the FAD-linked
mutations confer to the protein a gain of function effect.

Regarding PSs-mediated modulation of SOCE, a number of FAD-
linked PS1 mutants has been reported to decrease the specific Ca2+

influx rate in different cell models [12,13,15,18] and transgenic mice
[14,54]. Similar conclusions have been reached for FAD-PS2 mutants
[13,16,17,55], while SOCE is potentiated as a result of PSs KO or
downregulation [18,54,56]. The effect of PSs on SOCE has been pro-
posed to be both dependent and independent on γ-secretase activity
[55,57]. We here confirm that both FAD PS1 and PS2 mutants decrease
SOCE to similar extents, in both SH-SY5Y cells overexpressing the
mutant protein and in FAD patient-derived fibroblasts. Data obtained in
fibroblasts reveal that FAD-linked mutations (in either PS1 or PS2),
compared to wt proteins, cause a “gain-of-function” phenotype re-
sulting in a stronger SOCE inhibition.

The molecular target of PS1 and PS2 effect on SOCE has not been
clarified yet. SOCE activation is, in fact, based on the interaction be-
tween ER-localized STIM proteins (STIM1 and STIM2), sensing Ca2+

levels within the ER, and PM Orai Ca2+ channels (Orai1, Orai2, Orai3;
reviewed in [11]). Of note, STIM1 is the most effective isoform in
triggering SOCE, whereas STIM2 is mainly devoted to maintaining ER
resting [Ca2+]. Previous work suggested that cellular levels of STIM
proteins can be modulated by PSs [58–60]. In particular, an increased
level of STIM1 has been found in MEFs KO for PSs [58] and attributed
to variations in gene transcription or protein stability, somehow
modulated by PSs [58]. Moreover, it has been proposed that SOCE is
modulated by a γ-secretase-dependent mechanism because the pool of
STIM1 recruited upon SOCE activation is a substrate of PS1-containing
γ-secretase complexes [12]. Noteworthy, brains from sporadic AD
(SAD) patients present decreased STIM1 levels, correlated with the
progression of neurodegeneration [61]. We here found a significant
decrease of STIM1 in both PSs-expressing SH-SY5Y cells and human
FAD fibroblasts. However, the observed reduction in STIM1 levels was
not dependent on γ-secretase activity since a lower amount of protein,
compared to controls, was found also in FAD-PSs-expressing cells
treated with the γ-secretase inhibitor DAPT.

Decreased [Ca2+]ER, induced by PS2 expression, and alterations in
STIM1 protein expression levels, induced by both PS1 and PS2 ex-
pression, could affect cytosolic Ca2+ level and SOCE at resting condi-
tions. We directly addressed this issue but we did not find any differ-
ence in these parameters between PSs-expressing cells and controls. The
indistinguishable resting cytosolic Ca2+ level between controls and PSs-
expressing cells implies that there is not a constitutive activation of this
Ca2+ entry pathway. Moreover, the direct measurements of SOCE at
resting condition, i.e., without depleting intracellular Ca2+ stores, fur-
ther confirm that chronic ER Ca2+ depletion and/or the alteration in
STIM1 protein level, does not affect resting SOCE. These results could
be explained, independently of STIM1 expression levels, as an adaptive
consequence of the prolonged reduction in steady-state [Ca2+]ER.

Interestingly, it has been previously demonstrated that long-term re-
ductions of [Ca2+]ER, obtained by prolonged cell incubations with a
low extracellular Ca2+-containing medium, induce a decrease in SOCE
[62]. Thus, in our FAD-PS2 cells, the reduction in SOCE appears critical
to maintain a resting cytosolic [Ca2+] indistinguishable from that of
control cells, despite a major reduction of [Ca2+] within the ER.

The lower intracellular store Ca2+ content and the reduced SOCE
here described in cells expressing FAD-linked PSs mutants and in fi-
broblasts derived from FAD patients could have multiple consequences,
critical for AD pathogenesis. Depleted intracellular Ca2+ stores, mainly
ER and GA, could have detrimental effects on neuronal fate. Indeed, a
correct [Ca2+] in ER and GA is fundamental for protein folding and
synthesis [37,63]. Furthermore, Ca2+ is constitutively transferred from
ER to mitochondria at specific sites in which the two organelles are
closely apposed, i.e., mitochondrial associated membranes (MAMs,
[7]). The correct ER to mitochondria Ca2+ shuttling enhances the Krebs
cycle, sustaining ATP production and avoiding autophagy [64,65]. Due
to their effect on ER Ca2+ content, FAD-PS2 mutants dampen mi-
tochondrial Ca2+ rises upon cell stimulation [24]. This results in an
impairment in total and mitochondrial ATP production, leading to an
overall unbalanced energetic status of the cells ([66,67] and Rossi et al.,
unpublished results). The inability of mitochondria to produce the
sufficient amount of energy to supply neurons demand could impair
their functionality, potentially leading to neuronal death, thus con-
tributing to neurodegeneration. On the other hand, due to the reported
FAD-PS2 ability to potentiate ER-mitochondria tethering [24,25,29], a
toxic mitochondrial Ca2+ overload could instead occur under some
conditions. Finally, mitochondrial transport along microtubules is also
mediated by Ca2+-modulated adaptor proteins [68]; thus, mitochon-
dria distribution within the cell, a process particularly important in
neurons where organelles have to be recruited to active zones (i.e.,
synapses), is critically dependent on Ca2+ signalling. Indeed, altera-
tions in mitochondrial functions (such as shape, bioenergetics and
movements) have been reported to characterize several neurodegen-
erative disorders, including AD [66–69].

As far as SOCE is concerned, despite its debated physiological role in
excitable cells, a growing body of evidence indicates that it is vital,
regulating many neuronal functions [70], such as neuronal transcrip-
tion factor activation in resting neurons [71], neurotransmitter release
and synaptic plasticity in active cells [72], or dendritic spines ma-
turation [73]. Moreover, two studies [74,75] have reported a role of
STIM1 in the regulation of Cav1.2, a VOCC expressed in neurons, heart
and skeletal muscle. Thus, alterations in this Ca2+ pathway, as those
caused by FAD-PSs, might have critical effects on neuronal functionality
in AD. Importantly, SOCE attenuation has been shown to reduce
mushroom spines in hippocampal neurons from FAD-PS1 M146 V
knock-in mice [59] and increase neurotoxic Aβ generation in cells
bearing FAD-PS1 mutations [18]. On the other hand, the over-
expression of SOCE molecular components in HEK-APP expressing cells
has been shown to constitutively activate the Ca2+ influx and reduce
[76] or increase [77,78] Aβ secretion, indicating a mechanistic re-
lationship between SOCE and Aβ production, yet in the absence of FAD-
PSs expression. Moreover, SOCE impairment has been reported also in
astrocytes [79,80], human microglia [80] and in lymphoblasts from
FAD patients [58], underlining a possible connection between PSs-re-
lated SOCE alterations and immunity dysregulations associated to AD
[81]. Finally, the reduced level of STIM1 found in different AD cell
models could also contribute to a defective Ca2+ homeostasis and an
impairment in memory and learning, yet independently form SOCE
activation. In fact, it has been reported that STIM1 expression levels
regulate metabotropic glutamate receptors (mGluRs) 1/5-mediated re-
filling of ER Ca2+ stores [82,83] and contribute in regulating synaptic
plasticity in mice [84]. STIM1 reduction is also associated to mi-
tochondrial dysfunction and up-regulation of L-type VOCCs, causing an
increased Ca2+ entry in response to depolarization [61].

A key question arising from the present data concerns the common
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link between the effect of different PSs mutations on Ca2+ handling and
the FAD phenotype. PS1 and PS2 mutants have similar stimulatory ef-
fects on IP3Rs activation [48–51] and similar inhibitory effects on SOCE
[12–18,54,55] (and the present paper). Concerning the other main in-
tracellular Ca2+ releasing channel, the Ryanodine Receptor (RyR), both
PSs modulate its expression and activity [10,29,85,86], although the
latter has been reported to be differentially modulated by PS1 and PS2
[87] and causally downstream of the PSs effect on IP3Rs [50]. Similarly,
the two homologue proteins exert distinct effects on SERCA-dependent
Ca2+ accumulation in the ER and medial-GA (PS2 inhibits and PS1 is
without effect) and on ER-mitochondria tethering [24,25]. Thus, the
two proteins appear to have distinct actions on different Ca2+ signal-
ling pathways (as it has been found for other cell processes [10,88],
including the activity of γ-secretase itself [89]), yet all converging in an
overall dysregulated Ca2+ homeostasis and a common disease pheno-
type (although associated with different ages of onset [8]). Moreover,
increasing evidence indicates that Ca2+ dysregulation is a common AD
phenotype, reported also in SAD [10,42,45,90] representing the most
frequent cases of the pathology. In this regard, our finding showing that
the effects of FAD-PS2 mutants on multiple cellular Ca2+ pathways can
be mimicked by high expression levels of wt PS2 [16,17,23,24] (and the
present paper) might have significant implications for the pathogenesis
of all the forms of AD. Indeed, SAD patient-derived cells show de-
creased expression levels of REST (Repressor Element 1-Silencing
Transcription factor; [91]), a repressor of transcription modulating
different genes, including the PS2 gene, PSEN2. REST has been pro-
posed to be neuroprotective, repressing genes involved in cell death and
AD pathology. Accordingly, high levels of REST correlate with in-
creased longevity and preserved cognitive functions [92]. In SAD, as
well as in aged samples, a loss of nuclear REST has been detected and
associated with changes in the expression of pathogenic genes, e.g., an
increase in PS2 expression [93]. Hence, an up-regulation of PS2 tran-
script/protein in SAD patients and old individuals could mimic the
phenotypes associated with FAD-PS2 mutants.
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