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Abstract. Despite numerous efforts and studies over the last three decades, Alzheimer’s disease (AD) remains a disorder not
fully understood and incurable so far. Development of induced pluripotent stem cell (iPSC) technology to obtain terminally
differentiated neurons from adult somatic cells revolutionized the study of AD, providing a powerful tool for modelling the
disease and for screening candidate drugs. Indeed, iPSC reprogramming allowed generation of neurons from both sporadic
and familial AD patients with the promise to recapitulate the early pathological mechanisms in vitro and to identify novel
targets. Interestingly, NPS 2143, a negative allosteric modulator of the calcium sensing receptor, has been indicated as a
possible therapeutic for AD. In the present study, we assessed the potential of our iPSC-based familial AD cellular model as a
platform for drug testing. We found that iPSC-derived neurons respond to treatment with �-secretase inhibitor, modifying the
physiological amyloid-� protein precursor (A�PP) processing and amyloid-� (A�) secretion. Moreover, we demonstrated
the expression of calcium sensing receptor (CaSR) protein in human neurons derived from healthy and familial AD subjects.
Finally, we showed that calcilytic NPS 2143 induced a changing of A� and sA�PP� secreted into conditioned media and
modulation of CaSR and PSEN1 expression at the plasma membrane of AD neurons. Overall, our findings suggest that NPS
2143 affects important AD processes in a relevant in vitro system of familial AD.

Keywords: Alzheimer’s disease, amyloid, calcium-sensing receptor, calcilytic, induced pluripotent stem cell-derived neurons,
sA�PP�

INTRODUCTION

Alzheimer’s disease (AD) represents the most
common cause of dementia with 50 million patients
currently around the world. The lack of a cure and the
failure of clinical trials over the years clearly demon-
strate that the pathomechanism of AD is not yet
completely understood. Moreover, evidence strongly
indicates that AD is a multifactorial disease, with
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several aberrant processes contributing to it [1].
Amyloid accumulation and tau hyperphosphoryla-
tion are responsible for extracellular amyloid plaques
and intracellular neurofibrillary tangles, respectively,
both of which constitute the biochemical signatures
of the disease [2–4]. Furthermore, oxidative stress,
mitochondrial dysfunction, synaptic failure, and neu-
roinflammation widely characterize AD [5–8]. In
addition to the multiplicity of pathological mecha-
nisms concurring in AD, a main difficulty in studying
the disease is represented by the limited access to
human brain and the analyses of postmortem cor-
tex samples which give information on the very late
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stage of the disease, making the understanding of
the early pathogenic processes more challenging.
Another problematic aspect is the limited relevance of
in vitro and in vivo systems used to model AD. Indeed,
use of transgenic models overexpressing the clinical
mutations in the amyloid-� protein precursor (A�PP)
or in the �-secretase subunits PSEN1 and PSEN2,
responsible for the familial form of AD (fAD), often
lead to an overestimation of the efficacy of candidate
drugs. This was the case for a group of nonsteroidal
anti-inflammatory drugs, including flurbiprofen and
indomethacin, which act as �-secretase modulators.
Such compounds were highly efficacious in lowering
the production of A�42 in transgenic immortalized
cell lines [9], but failed to exert any positive effect
in human-derived neurons [10] and in clinical trials
[11]. Moreover, transgenic animal models were inef-
fective to fully reproduce the pathological aspects
of the human disease [12]. In this context, induced
pluripotent stem cell (iPSC) technology provided a
novel tool to overcome the limitations of transgenic
systems and to alternatively approach the study of
AD. In the last years, several groups, including ours,
generated human iPSC-derived neurons from indi-
viduals with familial and sporadic AD. Compared
to healthy iPSC neurons, neuronal lines generated
from AD subjects presented overall augmented amy-
loid levels and increased A�42/A�40 ratios [13–16],
which strongly resembles what happens in the brain
of the patients. Interestingly, a study conducted on
iPSC-three-dimensional (3D) neurons derived from
AD subjects revealed a dysfunction of a number
of proteins involved in axon growth, mitochondrial
function, and oxidative stress, which were compara-
ble to the alterations found in postmortem AD brain
tissues [17]. In addition, a recent report established
that the A�38/A�40 ratio measured in cerebrospinal
fluid (CSF) from a patient with the A�PP V717I
mutation was similar to the ratio observed in the cell
culture medium of iPSC-neurons derived from the
same subject, whereas the A�42/A�40 ratio of the
patient’s CSF was lower than the ratio in the media
from iPSC-neurons, which is consistent with depo-
sition of amyloidogenic A�42 into A� plaques [18].
Such remarkable results provide the first correlation
between CSF profiles from patients and their own A�
secretome in the differentiated neuronal cultures, thus
substantiating patient-derived cells as a reliable sys-
tem to model the pathomechanisms of the disease [19,
20]. In addition to amyloid defects, tau hyperphos-
phorylation and increased GSK3� activity were also
recapitulated in neurons differentiated from famil-

ial and sporadic AD patients [16, 21–23]. Therefore,
iPSC-based systems promise to provide more suit-
able platforms for validation of candidate drugs and
for identification of novel therapeutic targets.

In this regard, reports indicated the calcium sens-
ing receptor (CaSR) as a potential key player in
AD [24–26]. CaSR is a G-protein coupled receptor
(GPCR) mainly expressed in the parathyroid glands
where it exerts its primary role in sensing extracellular
Ca2+ levels and in regulating parathyroid hormone
secretion accordingly [27]. The receptor’s activity
can be stimulated or inhibited by calcimimetics and
calcilytics, which are positive and negative allosteric
modulators, respectively [28]. In addition to Ca2+
ions, the receptor responds to several other agonists
and plays different functions, other than maintain-
ing Ca2+ homeostasis, in a tissue-dependent manner
[29]. In the nervous system, CaSR is involved in
physiological processes such as neurodevelopment
[30] and synaptic transmission [31]. Moreover, a
role for the receptor in mediating neuronal death
upon hypoxia or ischemia [32] and in regulating
amyloid production and secretion [33, 34] has been
described. Relevant to AD, recent studies showed the
capacity of synthetic amyloid-� (A�) to bind and
activate the CaSR of non-tumorigenic cortical adult
human astrocytes (NAHAs) [34, 35]. In particular,
NAHAs increased the secreted amount of endoge-
nous amyloid and hyperphosphorylated tau when
exposed to synthetic A�. Noteworthy, co-treatment
with calcilytic NPS 2143 fully inhibited such effects
on amyloid and tau [34, 36], while it increased the
release of soluble sA�PP� [37]. Based on these
results, the authors hypothesized that A�/CaSR-
activated signaling promoted de novo production and
release of amyloid together with over-release of tau,
thus feeding a vicious cycle. Accordingly, negative
modulation of the receptor with calcilytic efficiently
counteracted the A�/CaSR-mediated noxious effects
by favoring the non-amyloidogenic pathway of A�PP
and blocking the vicious cycle [37]. Consequently,
inhibition of CaSR was proposed as a relevant
approach for AD and the calcilytic NPS 2143 as
potential therapeutic.

Considering this promising evidence, we set up a
study aimed to assess the effect of NPS 2143 in iPSC-
neurons differentiated from a patient with familial
AD carrying a genetic mutation in PSEN1. Indeed, we
previously characterized iPSC-neurons derived from
healthy individuals and from patients with sporadic
and familial AD [16]. We found that AD neurons
secreted higher levels of amyloid compared to healthy
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cultures, whereas a significantly higher A�42/A�40
ratio with respect to control cells was detected only
in fAD neurons [16].

To validate our in vitro system as a platform for
the screening of potential anti-AD compounds, in the
present study we first characterized the modulation
of A�PP processing and amyloid secretion in con-
trol and fAD neurons, upon exposure to the potent
�-secretase inhibitor, DAPT. Next, we assessed CaSR
expression in healthy and fAD differentiated neuronal
cells as no evidence exists in this regard. Finally,
we evaluated the impact of calcilytic NPS 2143 on
amyloid secretion and on location at the plasma
membrane of CaSR and proteins relevant for A�PP
processing in human iPSC-derived neurons.

MATERIALS AND METHODS

The chemicals used were purchased from Sigma-
Aldrich (St. Louis, MO, USA), and the cell culture
reagents and culture plates were purchased from
Thermo Fisher Scientific (Waltham, MA, USA),
unless specified otherwise.

Neuronal differentiation

iPSCs were previously reprogrammed from a fAD
patient with a genetic mutation in PSEN1 gene
which leads to an amino-acid change (p.Val89Leu),
as published in detail earlier [38]. Afterwards, neu-
ronal progenitor cells (NPCs) were obtained and
neuronal differentiation was characterized and pub-
lished recently [16]. In the present study, we used
two control NPCs (here named Ctrl-1 and Ctrl-
2), derived from two healthy individuals, and the
PSEN1 mutant patient iPSC-derived NPCs (named
fAD-1), that we characterized in our previous study
[16]. After thawing, control and fAD NPCs were
plated on the poly-L-ornithine/laminin (POL/L)-
coated dishes, and maintained in neural maintenance
medium (NMM) (1:1 vol/vol mixture of DMEM/F12
and neurobasal medium, 1×N-2 supplement, 1×B-
27 supplement, 1×NEAA, 2 mML-glutamine, 50
U/ml penicillin/streptomycin) supplemented with
10 ng/ml EGF and 10 ng/ml bFGF. To differentiate
neuronal progenitors into neurons, NPCs were cul-
tured for six weeks in NMM supplemented with
0.2 mM ascorbic acid and 25 �M �-mercaptoethanol,
with medium changed every 3-4 days. Cells were
plated on coverslips at a seeding density of 40.000
cells/cm2 for immunocytochemistry (ICC) and cal-
cium imaging and on dishes at density of 100.000

cells/cm2 for ELISA, western blot (WB) and biotiny-
lation experiments. To confirm differentiation into
cells of neuronal lineage, neuronal expression mark-
ers and functional properties were assessed by ICC
and calcium imaging respectively.

Calcium imaging

iPSC-derived neuronal cultures, differentiated for
4 weeks, were incubated in 1 �M fura-2-AM (30 min,
37◦C). Coverslips were then placed in a perfusion
chamber mounted upon an Olympus IX71 inverted
microscope equipped with a Cairn monochromator-
based epifluorescence system (Cairn Instruments,
Faversham, UK). Solutions and agonists were locally
applied to the neurons using a rapid solution changer
(RSC160, Intracel RSC160, Intracel, Royston, UK)
as follows: 60 mM KCl solution to determine
expression of functional voltage-gated Ca2+ chan-
nels; 100 �M GABA in physiological extracellular
solution (ECS), or in reduced Cl− solution (isos-
motic replacement of NaCl with Na-isethionate
in extracellular solution, resulting in 7.5 mM Cl−
concentration) to test whether GABA induced an
excitatory or inhibitory response, representative of
immature or mature neuron respectively; 100 �M
AMPA and 100 �M Kainic acid to assess expres-
sion of ionotropic glutamate receptors. Fura-2 was
alternately excited with light of 340 and 380 nm
and images were captured at 510 nm using an Orca
CCD camera (Hamamatsu Photonics, Welwyn Gar-
den City, UK). Following background subtraction of
the emission intensities evoked by each excitation
wavelength, emission ratios (340/380) were calcu-
lated offline.

Immunocytochemistry

iPSC-derived NPCs and 6-week-long differ-
entiated neuronal cultures were fixed in 4%
paraformaldehyde (PFA) (15 min, room temperature,
RT), washed twice with phosphate buffered saline
(PBS) and permeabilized with 0.2% Triton X-100
in PBS (15 min). Then, cells were blocked with 3%
bovine serum albumin (BSA) in the presence of
0.2% Triton X-100 in PBS (1 h, RT). The respec-
tive primary antibodies were applied overnight at 4◦C
(Table 1). To detect the signal, cells were incubated
(1 h, RT) with the appropriate secondary antibod-
ies: Alexa Fluor 488 donkey anti-rabbit IgG (H + L)
or Alexa Fluor 594 donkey anti-mouse IgG (H + L).
Cells were analyzed under fluorescent microscope
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Table 1
Primary antibodies

Application Antibody Dilution Company

Immunocytochemistry Mouse anti-NESTIN 1:1000 Merck Millipore
Rabbit anti-PAX6 1:500 Covance
Mouse anti-MAP2 1:1000 Merck Millipore
Rabbit anti-TAU 1:1000 Dako
Rabbit anti-MAP2 1:1000 Abcam
Mouse anti-CaSR 1:100 Thermo Fisher Scientific

Western Blotting Rabbit anti-APP-CTF 1:1000 Thermo Fisher Scientific
Mouse anti-CaSR 1:500 Thermo Fisher Scientific
Rabbit anti-PSEN1 1:1000 Cell Signaling
Mouse anti-APP 1:1000 Biolegend
Goat anti-Integrin �7 1:1000 Santa Cruz Biotechnology
Rabbit anti-GAPDH 1:10000 Sigma- Aldrich
Rabbit anti-ADAM10 1:1000 Cell Signaling
Rabbit anti-BACE 1:1000 Cell Signaling

equipped with 3D imaging module (Axio Imager
system with ApoTome; Carl Zeiss MicroImaging
GmbH) controlled by AxioVision 4.8.1 software
(Carl Zeiss). Alternatively, images were acquired
with a Zeiss LSM 880 confocal laser scanning micro-
scope with the ZEN Imaging Software (Carl Zeiss
AG, Germany).

Immunoblotting

iPSC-derived neuronal cultures differentiated for
6 weeks were lysed with RIPA Lysis and Extraction
Buffer supplemented with Halt™ Protease and Phos-
phatase Inhibitor Cocktail and Pierce™ Universal
Nuclease for Cell Lysis. Lysed samples were soni-
cated and centrifugated at 13,000 rpm to collect the
supernatants. Total protein concentration was deter-
mined using a Pierce BCA Protein Assay Kit. Cell
lysates (5–15 �g) were separated on 12% or 7.5%
precast gels and transferred to Immun-Blot® PVDF
Membrane (Bio-Rad). The membranes were blocked
by Tris-buffered saline with Tween 20, TBST (20 mM
Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween-20)
containing 5% BSA or non-fat milk, and then incu-
bated with the respective primary antibody solution
overnight at 4◦C (Table 1). After washing with TBST,
the membranes were incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1 h,
RT). Secondary antibodies were goat anti-mouse,
goat anti-rabbit, or rabbit anti-goat, according to the
host of the used primary antibodies. Signals were
detected with Super Signal™ West Dura Extended
Duration Substrate by KODAK Gel Logic 1500
Imaging System and Kodak MI SE imaging soft-
ware. Densitometry measurement of protein bands

intensity was carried out using Image Studio™ Lite
software (LI-COR). To validate the presence of CaSR
in human derived neurons, human hippocampal brain
sample (provided by the Human Brain Tissue Bank,
HBTB, Semmelweis University, Budapest, Hungary)
of a control individual (without neurological dis-
orders) and SH-SY5Y cells transiently transfected
with the human HA-tagged-CaSR (hCaSR) DNA
cloned into pcDNA5 FRT plasmid (provided by Prof.
Hans Bräuner-Osborne, University of Copenhagen,
Denmark) were lysed and processed for immunoblot-
ting similarly to iPSC-derived neuronal cultures.
Moreover, human kidney tissue lysate (Abcam) was
included in western blot analyses as a further positive
control of receptor’s expression.

Treatment with γ-secretase inhibitor DAPT and
calcilytic NPS 2143

The iPSC-derived neuronal cultures differen-
tiated for 6 weeks were treated with �-secretase
inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-
Lalanyl]- S-phenylglycine t-butyl ester;) or with
calcilytic NPS 2143 hydrochloride (2-chloro-6-
[(2 R)-3-1,1-dimethyl-2-(2-naphtyl)ethylamino-
2-hydroxypropoxy]-benzonitrile hydrochloride;
Tocris Bioscience). Both DAPT and NPS 2143
were dissolved in DMSO and next diluted in NMM
medium at a final concentration of 1 �M. In the
experiments with the �-secretase inhibitor, cells
were treated with DAPT or vehicle for 48 h, followed
by media collection and harvesting for protein. For
the experiments with NPS 2143, cells were added
with fresh media containing NPS 2143 or vehicle.
After 24 h, the conditioned media were temporarily
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collected in sterile tubes and neuronal cultures were
exposed for 30 min to either NPS 2143 or vehicle
dissolved in fresh medium. Then, the previously
cell-conditioned media, supplemented with a second
pulse of calcilytic or vehicle, were added again to
the plates. At the end of treatments (48 h), collection
of conditioned media and cell lysates or biotiny-
lation and isolation of cell surface proteins were
performed.

ELISA of Aβ40 and Aβ42 secreted in conditioned
media

After 48 h treatment with DAPT or NPS 2143
the conditioned media were collected. Extracellu-
lar A�40 and A�42 levels were measured using
Human �-Amyloid (1–40) ELISA Kit and Human �-
Amyloid (1–42) ELISA kit (FUJIFILM Wako Pure
Chemical Corporation of Japan), according to the
manufacturer’s instructions. The signal was detected
with Varioskan Flash Multimode Reader (Thermo
Fisher Scientific). The secreted A� levels were nor-
malized to the total protein content of each cell
lysate.

Biotinylation and isolation of plasmalemmal
proteins

Following 48 h treatment with calcilytic as detailed
above, samples were biotinylated and cell surface
proteins were isolated using the Pierce TM Cell Sur-
face Protein Isolation Kit. Briefly, after collection of
cell culture media, cells were washed twice with ice-
cold PBS and incubated with Sulfo-NHS-SS-Biotin
in ice-cold PBS (30 min, 4◦C) with gentle agita-
tion. Biotinylation reaction was stopped by adding
Quenching Solution. Cells were harvested by gen-
tle scraping and pelleted by centrifugation (500×g,
5 min, 4◦C). After washing with TBS, cell pellets
were lysed using the provided Lysis Buffer (Pierce)
containing a protease inhibitor cocktail (30 min) on
ice with intermittent vortexing. Lysates were cen-
trifuged (10,000×g, 2 min, 4◦C) and supernatants
were incubated for 1 h at RT to allow the biotiny-
lated proteins to bind to the NeutrAvidin Gel. The
unbound proteins, representing the intracellular frac-
tions named “flow-throughs” (FT), were collected
by centrifugation of the columns (at 1,000×g for
2 min). Finally, the biotinylated surface proteins
were incubated with SDS-PAGE Sample Buffer (1 h,
RT) and were collected by column centrifugation

(1,000×g, 2 min) as “Eluate” fractions (E). FT and
E samples were loaded on precast gels for WB
analyses.

Statistical analysis

Data were analyzed using GraphPad Prism 5 soft-
ware. Analysis of data was presented in the form of
mean ± S.E.M. (standard error of the mean). Statis-
tical significance was tested by either Student’s t-test
(two-tailed) or one-way ANOVA with Tukey’s post-
test (p < 0.05).

RESULTS

Characterization of iPSC-derived neurons

Human iPSC lines, reprogrammed from a fAD
patient and from non-AD control individuals, were
previously characterized by our group and success-
fully converted into neural progenitor cells [16, 38].
Here, we let control and fAD NPCs to terminally
differentiate toward neuronal cells for 6 weeks. By
immunostainings, we confirmed the differentiation
of NPCs, stained with the specific markers PAX6
and Nestin, into neurons expressing MAP2 and tau
(Fig. 1A). Moreover, Ca2+ imaging analyses con-
ducted on 4-week differentiated control and fAD
cultures revealed that cells positively respond to stim-
ulation with high KCl, GABA, AMPA, and kainic
acid, demonstrating that neurons express functional
voltage gated ion channels, GABA receptors, and
ionotropic glutamate receptors, already at this stage
of differentiation (representative traces from control
and fAD cells are shown in Fig. 1B). In accor-
dance with our previous findings [16], no evident
differences between neuronal cultures, differentiated
from control and fAD iPSC were observed, which
prompted us to use these cell lines for further exper-
iments.

Modulation of AβPP processing and amyloid
secretion by γ-secretase inhibition in
iPSC-derived neuronal cells

In order to use patient-derived neurons as a cellular
system suitable for modeling AD-related physiolog-
ical changes, we first assessed the effects of the
potent �-secretase inhibitor DAPT on A�PP phys-
iological processing and A� secretion. In line with
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Fig. 1. Neuronal differentiation of Ctrl and fAD iPSC-derived neural progenitors, NPCs. A) Representative immunocytochemical analyses
showing the differentiation of NPCs, expressing the specific markers PAX6 in nuclei (green) and NESTIN cytoplasmic intermediate filaments
(red), in 6-weeks old neurons, stained with MAP2 (red) and TAU (green); for color images, see the online version. Scale bar 20 �M. B)
Calcium intracellular influx recorded from fura-2 loaded 4-weeks old neurons (Ctrl-1 and fAD-1 cell lines) in response to 60 mM KCl,
100 �M GABA in physiological extracellular chloride (GABA), 100 �M GABA in 7.5 mM chloride (GABA in low Cl-), 100 �M AMPA
and 100 �M Kainic acid, demonstrating functional expression of voltage gated ion channels, GABA receptors and ionotropic glutamate
receptors.

our previous report in which multiple control, spo-
radic, and familial AD cell lines were analyzed [16],
ELISA of conditioned media confirmed that PSEN1
mutant neurons presented a higher A�42/A�40 ratio
compared to control cells in this study (Fig. 2B,
Vehicle condition). Data from each A� species
showed that this ratio change was primarily due
to an approximately 2-fold increase in the produc-
tion of A�42 in fAD neurons compared to control
cell lines (Fig. 2A, Vehicle condition). Importantly,
48 h treatment with DAPT (1 �M) drastically reduced
the secretion of A�40 and A�42 from both con-
trol and fAD neurons (Fig. 2A, DAPT condition).
Nevertheless, the ratio between A�42 and A�40 in
fAD cells treated with DAPT remained higher than
the ratio observed in control cells (Fig. 2B, DAPT
condition). Consistent with inhibition of �-secretase
activity, WB analyses of lysates from healthy and
PSEN1 mutant neurons demonstrated that DAPT
treatment led to a strong accumulation of A�PP-C
terminal fragment (A�PP-CTF), which constitutes
the substrate of �-secretase [39] (Fig. 2C). These
observations demonstrated that A�PP and amyloid
processing of control and patient-derived neurons
efficiently respond to pharmacological modulation

with �-secretase inhibitor, thus allowing the use of
this cellular model to explore the potential of calci-
lytic in these processes.

CaSR expression in human iPSC-derived neurons

Although there is evidence showing that CaSR is
expressed in several regions of human brain [40] and
in human astrocytes [41, 42], no data is available
in human iPSC-derived neuronal cultures. By ICC,
we showed that CaSR is expressed in 6-week-old
MAP2 positive neurons differentiated from con-
trol and fAD human NPCs (Fig. 3A). Furthermore,
WB analyses confirmed that control and fAD cells
present CaSR-specific proteins, representing both the
monomeric form at ∼120–130 kDa and the dimeric
form at ∼250–260 kDa (Fig. 3B). No evident dif-
ferences were observed between healthy and PSEN1
mutant cells regarding the expression of the recep-
tor. A lower level of receptor protein expression and
only the monomeric form of CaSR was detected
in control human hippocampal brain postmortem
sample (Fig. 3B). Moreover, as positive controls,
human neuroblastoma SH-SY5Y, transiently trans-
fected with the HA-tagged human-CaSR, and human
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Fig. 2. Pharmacological modulation of amyloid secretion and A�PP processing by DAPT treatment. A) ELISA analyses of A�40 and A�42
endogenously secreted into conditioned media from controls (Ctrl-1 and Ctrl-2) and fAD cell lines treated with vehicle (0.1% DMSO) or with
1 �M DAPT for 48 h. Data normalized to total mg of protein. B) Ratio between A�42 and A�40 secreted from controls (Ctrl-1 and Ctrl-2)
and fAD cell lines ± treatment with 1 �M DAPT for 48 h. C) Representative western blot analysis of total lysates showing the accumulation
of A�PP-CTF upon treatment with 1 �M DAPT for 48 h; In A and B, two-tailed t-tests were performed when comparing different conditions
(vehicle and DAPT) within the same cell line, while one-way ANOVA performed with Tukey’s multiple comparisons test was applied to
find differences between the cell lines. *p < 0.05; Error bars = SEM; ELISA and WB measurements were performed at least as biological
triplicates.

kidney lysate showed similar pattern of CaSR expres-
sion (Supplementary Figure 1). In conclusion, we
detected the expression of CaSR on both control
and fAD iPSC-derived human neurons for the first
time.

Reduced amyloid secretion and increased
sAβPPα release in the media of fAD neural cells
treated with calcilytic NPS 2143

Research reported that calcilytic promoted the
sA�PP� release while it inhibited A�42 accumula-
tion and secretion in human astrocytes treated with
exogenous A� [34, 37]. To evaluate the effect of calci-
lytic in iPSC-derived neurons, we treated 6-week-old
control and fAD cells with NPS 2143 for 48 h. ELISA
analyses of conditioned media revealed that treat-
ment with calcilytic had no significant effect on A�
secretion in control cell lines (Fig. 4A). On the con-
trary, NPS 2143 reduced the levels of A�40 and A�42
in the conditioned media of fAD cells about 25%
compared to the vehicle-treated cells (Fig. 4A). More-

over, as calcilytic caused a similar reduction of both
amyloid species in fAD neurons, the resulting ratio
between the A�42 and A�40 in PSEN1 mutant cells
treated with NPS 2143 was not changed compared
to the treatment with vehicle, remaining significantly
higher than the ratio showed by the control cell lines
(Fig. 4B). However, the levels of A�PP full-length
and A�PP-CTF were not modified by calcilytic,
which ruled out the possibility that NPS 2143 could
act in a �-secretase inhibitor fashion (Supplemen-
tary Figure 2). In addition, we assessed the sA�PP�
release extracellularly. Interestingly, WB analyses
of conditioned media demonstrated that fAD neu-
rons secreted significantly lower amount of sA�PP�
compared to the control cell lines (Fig. 5A). Inter-
estingly, calcilytic strongly increased the release of
sA�PP� from fAD cells, whereas no evident effect
was observed in control cells (Fig. 5B). All together
such results suggest that NPS 2143 favored the A�PP
non-amyloidogenic �-pathway, while it decreased
the amyloidogenic �-processing only in cells with
PSEN1 mutation.
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Fig. 3. CaSR expression in differentiated neuronal cultures. A) Immunocytochemical analysis showing the CaSR expression (in red) in
neurons, co-stained with MAP2 (in blue); for color images see the online version. B) Representative western blot of control and fAD lysates
demonstrating the receptor positive bands at ∼130 kDa and ∼260 kDa which should represent the monomeric and dimeric forms of CaSR.
Human control adult hippocampal brain lysate has been loaded as positive control of CaSR expression in human brain.

Fig. 4. Modulation of amyloid secretion by NPS 2143 treatment. A) ELISA analyses of A�40 and A�42 endogenously secreted into
conditioned media from controls (Ctrl-1 and Ctrl-2) and fAD cell lines treated with vehicle (0.1% DMSO) or with 1 �M NPS 2143 for
48 h. Vehicle treated samples were considered as 100%, while NPS 2143 treated samples were presented in the percentage of the vehicle.
Two-tailed t-tests were performed. *p < 0.05; Error bars = SEM. B) Ratio between A�42 and A�40 endogenously secreted from controls and
fAD cell lines upon the treatment with 1 �M NPS 2143 for 48 h. One-way ANOVA performed with Tukey’s multiple comparisons test was
applied to find differences between the cell lines. *p < 0.05; Error bars = SEM.
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Fig. 5. Modulation of sA�PP� secretion by NPS 2143 treatment. A) sA�PP� secreted by control (Ctrl-1 and Ctrl-2) and fAD neuronal
cultures into conditioned medium detected by immunoblot with 6E10 antibody. Densitometric values were normalized to total mg of protein.
B) sA�PP� secreted by control (Ctrl-1 and Ctrl-2) and fAD neuronal cultures treated with vehicle (0.1% DMSO) or with 1 �M NPS 2143
for 48 h. Vehicle treated samples were considered as 100%, while NPS 2143 treated samples were presented in the percentage of the vehicle.
Two-tailed t-tests were performed. *p < 0.05; Error bars = SEM. Measurements were performed at least as biological triplicates.

Modulation of CaSR and PSEN1 expression at
the plasma membrane of fAD neurons treated
with calcilytic NPS 2143

To explore whether the effects of calci-
lytic on A�PP processing observed in PSEN1
mutant cells were due to changes in A�PP—or
secretase—expression at plasma membrane, 6-
week-old neuronal cultures were treated with NPS
2143 and studied for cell surface proteins local-
ization measured by biotinylation assay. Integrin
�7 was used as a positive control for the plasma
membrane expression. WB analyses of FT and E
samples confirmed that Integrin �7 was exclusively
observed in the eluted fractions (Fig. 6A, lanes 2,
4, 6, 8). Based on our results, A�PP and CaSR
were expressed at both intracellular and plasma
membrane level (Fig. 6A). Moreover, we noted
that in control and fAD cells, A�PP expression
at the cell surface was not significantly changed
following the treatment with calcilytic (Fig. 6A, lane
4 versus lane 2; lane 8 versus lane 6, and Fig. 6B).
Interestingly, fAD cells treated with NPS 2143
presented significantly reduced levels of CaSR in the
E fraction compared to vehicle treatment (Fig. 6A,
lane 8 versus lane 6, and Fig. 6C). In contrast,
cell surface expression of CaSR was not affected
by calcilytic in the control line (Fig. 6A, lane 4
versus lane 2, and Fig. 6C). In addition, we observed
that PSEN1 was mainly expressed intracellularly
but it also presented discrete levels at the plasma
membrane (Fig. 6A). Similar to what we observed
for CaSR, cell surface expression of PSEN1 in fAD
cultures incubated with calcilytic was decreased
compared to treatment with vehicle (Fig. 6A, lane
8 versus lane 6, and Fig 6D). However, NPS 2143

had no evident effect on PSEN1 plasma membrane
presence in control cells (Fig. 6A, lane 4 versus
lane 2, and Fig. 6D). Despite the reduction of CaSR
and PSEN1 at the cell surface of fAD cells treated
with calcilytic, we did not detect evident changes
in the levels of these proteins in the corresponding
FT fractions (Supplementary Figure 3). Finally,
levels of �-secretase ADAM10 and �-secretase
BACE1 were assessed. The active form of ADAM10
(∼70 kDa) was mainly present in the E fractions in
control cells (Supplementary Figure 4, lanes 1–4),
while its expression in the FT and E fractions was
similar in fAD neurons (Supplementary Figure 4,
lanes 5–8). Instead BACE1 was expressed almost
exclusively in the FT fractions of healthy and PSEN1
mutant cells (Supplementary Figure 4). However,
cellular localization of ADAM10 and BACE1 was
not affected by calcilytic treatment in both cell lines
(Supplementary Figure 4).

Based on the results of biotinylation studies, we
can conclude that NPS 2143 modulated the presence
of CaSR and PSEN1 at the plasma membrane of fAD
neuronal cultures only.

DISCUSSION

In this study, we provided evidence for the rel-
evance of iPSC-derived neurons as a suitable in
vitro system for studying the cellular mechanisms
of AD. Immunocytochemistry and calcium imag-
ing analyses demonstrated expression of neuronal
markers together with functional ion channels and
neurotransmitter receptors in healthy and fAD iPSC-
derived neurons. In agreement with our previous
work [16], here we confirmed that iPSC-neurons
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Fig. 6. Modulation of A�PP, CaSR, and PSEN1 at the plasma membrane by NPS 2143 treatment. A) Representative western blot bands
representing A�PP, CaSR, and PSEN1 present in the intracellular (flow-through fractions, FT) and in the plasma membrane (Eluate, E)
fractions of Ctrl-1 and fAD-1 biotinylated samples treated with vehicle (0.1% DMSO) or with 1 �M NPS 2143 for 48 h. The Integrin �7
is a plasma membrane marker and it has been used as a control of the efficiency of biotinylation; After the E fractions bands of (B) A�PP,
(C) CaSR, and (D) PSEN1 were normalized to Integrin �7 (only present in the E fractions), the vehicle treated samples were considered as
100%, while NPS 2143 treated samples were presented in the percentage of the vehicle. Two-tailed t-tests were performed. *p < 0.05; Error
bars = SEM. Western blot measurements were performed as biological triplicates.

derived from an early-onset fAD patient presented
higher secretion of A�42 and higher A�42/A�40
ratio compared to neurons differentiated from two
healthy individuals. Such findings are characteris-
tic of AD phenotype and are in line with results
from other groups, which also reported increased
amyloid levels and amyloid ratios in iPSC-neurons
from patients with mutations in PSEN1 and A�PP
genes [13, 14, 22]. Human iPSC-neuronal cultures
could represent a more relevant system for mod-
eling complex diseases compared to the widely
used cellular models, and it might be a promising
tool for developing drug discovery platforms which
could improve the translation of preclinical stud-
ies to patients. Remarkably, the iPSC technology
enables the generation of specialized human cells
which retain the genetic background of the individ-
ual derived from, thus patient-specific. Such unique
characteristic allows to test potential personalized
therapeutics while the cell lines derived from healthy

individuals provide human-based, tissue-specific cell
cultures which may possess more closely physiol-
ogy to humans than transgenic systems derived cell
cultures. Notably, we demonstrated that iPSC neu-
rons from healthy and fAD donors drastically reduced
endogenous amyloid secretion in response to treat-
ment with the �-secretase inhibitor DAPT, an effect
also observed in other studies [14, 43]. On the other
hand, DAPT induced an intracellular accumulation of
A�PP-CTF, as expected [44]. Despite great potential,
evidence showed that �-secretase inhibitors tremen-
dously failed as AD therapeutics so far. This poor
outcome is due to several reasons [45]. A most prob-
lematic aspect is that �-secretase is responsible for
cleaving several substrates other than A�PP, such as
Notch, A�PP-like proteins, and N- and E-cadherins
[46], therefore its inhibition impacts other important
signaling, producing serious side effects in vivo [47].
In addition, accumulation of A�PP-CTF, consequent
to �-secretase blockage, represents another issue as
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these A�PP intermediates also become toxic when
accumulated [48]. Although usage of �-secretase
inhibitors as AD therapeutics is almost out of fur-
ther consideration nowadays, these compounds are
still largely used as useful research tools for bio-
logical investigation. In our case, results mediated
by DAPT confirmed that iPSC-neurons have a func-
tional �-secretase activity and a physiological A�PP
processing, which allowed us to test the impact of
calcilytic NPS 2143 in these cells.

In order to assess the effects of calcilytic in
AD neurons, we first evaluated the presence of
CaSR in human neuronal cultures. Interestingly,
we demonstrated protein expression of CaSR in
human iPSC-derived neurons for the first time. We
observed that the receptor is expressed in both con-
trol and familial neurons at 6 weeks of differentiation.
Although a recent study, which analyzed the receptor
expression in transgenic AD mice, reported a higher
CaSR expression in the hippocampus of AD ani-
mals compared to that of control rodents [49], we did
not observe evident differences in receptor protein
levels between control and AD neurons at the ana-
lyzed time of differentiation. Moreover, CaSR was
present in both monomeric and dimeric forms in the
iPSC-derived neuronal cultures, with predominance
of dimers over monomers, while in the human brain
hippocampal sample, only the monomeric form was
observed. However, the presence of dimers found
in the human derived neurons was also substanti-
ated by comparison with HA-tag-hCaSR-transfected
SH-SY5Y cells and human kidney tissue lysate. Con-
sidering the lack of studies about CaSR expression
in iPSC-neurons to which to refer to, we can only
speculate that the difference in CaSR dimeric species
observed between derived neuronal cultures and hip-
pocampal tissue could be attributable to the much
higher complexity of the brain tissue in terms of kind
of cells, which in turn might express different lev-
els and forms of CaSR. Further studies are needed to
draw a conclusion.

Importantly, we next reported the beneficial effects
of calcilytic in counteracting the pathomechanism of
AD. We found that calcilytic reduced levels of A�40
and A�42 secreted from PSEN1 mutant neurons,
while amyloid levels were not affected in the control
cell lines. Such NPS 2143-mediated results reported
only in fAD neurons would indicate that calcilytic
can modulate A� levels only in the presence of an
AD phenotype. In our fAD model, the increased A�42
secretion compared to the healthy counterpart could
explain the selective effect of NPS 2143 obtained in

these cells. Indeed, according to the hypothesized role
of A� as an activator of the CaSR [35] and due to
the higher presence of A�42 in the medium of fAD
cells, the receptor of AD cultures might be more acti-
vated compared to the receptor of healthy cells, thus
justifying the evident effect of NPS 2143 observed
only in fAD neurons. In agreement, when NAHAs
were treated with NPS 2143 alone, it did not modify
the basal levels of the intracellular and the secreted
amyloid A�42 [34]. Only when cells were exposed to
synthetic A�, which caused a de novo production and
release of amyloid, thus mimicking AD condition,
addition of calcilytic was beneficial in counteracting
the A�-mediated noxious effects [34]. In the indi-
cated study, cells were treated with 20 �M synthetic
fA�25-35, an A�42 proxy, to induce an AD phenotype.
Indeed, following this treatment, NAHAs displayed
an augmented accumulation and secretion of A�42
while in parallel, cells presented higher intracellular
amounts of A�40 and unchanged extracellular A�40
levels [34]. The authors found that co-treatment of
fA�25-35 with NPS 2143 fully abolished the A�42
intracellular accumulation and release. Instead, co-
treatment of fA�25-35 and calcilytic only partially
decreased the A�-induced intracellular increase of
A�40, while it promoted its secretion at the same time
[34], which suggested that calcilytic differently mod-
ulates the secretion of A�40 and A�42 from fA�25-35
exposed astrocytes. In contrast with this report, we
found that NPS 2143 induced a similar reduction
of both A�40 and A�42 species in the medium of
our fAD cellular system. Considering that NPS 2143
modified the endogenously secreted amyloid levels of
iPSC-derived neurons without any exogenous amy-
loid treatment, the effects exerted by the calcilytic
might be physiologically relevant.

In addition, as a new result, we found that
PSEN1 mutant patient iPSC-derived neurons endoge-
nously displayed lower levels of sA�PP� in the
conditioned media compared to control cells. This
observation represents a remarkable feature of AD
phenotype which is recapitulated in our in vitro
system. Soluble A�PP� is obtained from the �-
secretase-mediated cleavage of A�PP, which initiates
the non-amyloidogenic pathway of A�PP [50]. Inter-
estingly, evidence reported the loss of sA�PP� during
AD [51] and its beneficial role as neurotrophic fac-
tor [52], thus modulation of �-cleavage might be an
alternative therapeutic approach [53]. Similar to what
was observed for amyloid modulation, NPS 2143
was effective in modifying sA�PP� secretion only
in fAD cells. Indeed, treatment with calcilytic sig-
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nificantly increased the release of soluble A�PP�
from PSEN1 mutant cells, while it did not change
the sA�PP� levels secreted from healthy neurons.
Overall the amyloid reduction accompanied with the
sA�PP� increase observed in PSEN1 mutant neurons
treated with NPS 2143 would suggest a role of calci-
lytic in decreasing the �-amyloidogenic processing
of A�PP and promoting the �-non-amyloidogenic
pathway, substantiating the hypothesis corroborated
by Chiarini and colleagues [37]. Indeed, in addition
to the previously mentioned effect of calcilytic in
modulating amyloid accumulation and secretion in
cortical adult human astrocytes, NAHAs [34], a role
for NPS 2143 has been recently reported in mod-
ifying the sA�PP� of NAHAs [37]. According to
this study, exposure to 20 �M fA�25-35 induced a
reduced secretion while a concomitant intracellu-
lar accumulation of endogenous sA�PP� in human
adult astrocytes. Interestingly, adding NPS 2143
to fA�25-35 restored the physiological secretion of
sA�PP� from the cells whereas it almost completely
abolished its intracellular accumulation. The over-
all effects of NPS 2143 in reducing A�42 levels,
and partially A�40, and increasing the sA�PP� shed-
ding led authors to hypothesize that calcilytic might
favor the non-amyloidogenic A�PP processing ver-
sus the amyloidogenic cleavage [37]. Chiarini and
coworkers further demonstrated that this “switch”
from amyloidogenic to non-amyloidogenic A�PP
processing exerted by NPS 2143 was due to the
capacity of calcilytic to drive the translocation of
A�PP and ADAM10 from intracellular compartment
to the plasma membrane in human adult astrocyte
cultures. Indeed, the authors found that NPS 2143
increased the expression of A�PP and ADAM10
at cell surface of fA�25-35 treated astrocytes [37].
In contrast with this evidence, NPS 2143 had no
effect in modifying the cellular location of A�PP
and ADAM10 in iPSC-derived neurons. However, we
demonstrated that calcilytic significantly reduced the
expression of CaSR and PSEN1 at the cell surface
of fAD neurons, an effect which was not observed
in healthy cells. Moreover, the intracellular levels
of these proteins were not significantly modified.
The calcilytic-mediated reduction of CaSR expres-
sion has been reported also by other groups. Huang
and Breitweiser reported that allosteric modulators
can regulate turnover of the CaSR, modifying the
receptor expression levels [54]. Indeed, the authors
found that in HEK293 cells transfected with a wild-
type FLAG-CaSR, incubation with NPS 2143 for

12 h led to a reduction of CaSR protein expression
compared to DMSO-treated cells. Such a decrease
was partially rescued when the proteasomal inhibitor
MG132 was added to NPS 2143, suggesting that cal-
cilytic destabilizes CaSR and increases endoplasmic
reticulum-associated degradation. Further, treatment
with calcilytic modified CaSR function, by reducing
the CaSR expression at cell surface and the receptor-
mediated ERK1/2 phosphorylation [54]. Moreover,
Armato and colleagues observed a transient decrease
of the total CaSR protein at 24 h in astrocytes treated
with NPS 2143 alone, which was rescued at 48 and
72 h. Instead, the receptor levels fell rapidly and were
kept steadily reduced between 24 and 72 h in cells
co-treated with NPS 2143 and fA�25-35 [34]. Such
effect of NPS 2143 on CaSR expression of human
astrocytes, which became strongly evident when cal-
cilytic was added to exogenous A�, is in line with
the reduction of CaSR observed at the cell surface of
fAD-neurons, and it might be connected to the anti-
amyloidogenic capacity mediated by NPS 2143 only
in the presence of the AD phenotype.

Moreover, the reduction of CaSR at the plasma
membrane associated with the decrease of PSEN1
at the cell surface is intriguing and might indicate
the probability of a physical interaction between
the two proteins. Interestingly, several lines of evi-
dence demonstrated the capability of some GPCRs
to physically associate with �-secretase, modi-
fying its expression and activity. For instance,
co-immunoprecipitation assays revealed a physi-
cal association of �2-adrenergic receptor (�2AR)
with PSEN1 in transfected HEK293 cells [55]. This
study reported that agonist of �2AR induced co-
internalization of the receptor and PSEN1, which
enhanced �-secretase activity and A� production.
Conversely, antagonizing of �2AR inhibited A� pro-
duction and reduced cerebral plaques in a transgenic
AD mouse model [55]. Similarly, coimmunoprecip-
itation assays demonstrated the interaction of the
δ-opioid receptor (DOR) with PSEN1 and BACE1
which formed a secretases/receptor complex [55, 56].
Activation of DOR mediated the co-endocytic sort-
ing of the GPCR/secretase complex together with
an increased activity of secretases and A� pro-
duction. Interestingly, knockdown or antagonization
of DOR reduced secretase activities and amelio-
rated A� pathology and A�-dependent behavioral
deficits, without affecting the processing of Notch, N-
cadherin, or APLP, in AD model mice [56]. Although
an interaction-based mechanism between CaSR and
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PSEN1 has not been demonstrated yet, it would rep-
resent a possibility to explain the calcilytic-mediated
concomitant reduction of these proteins at the cell
surface in fAD neurons. Based on our study and on
evidence from the literature, we can only speculate
that the beneficial effect of calcilytic in ameliorat-
ing the AD phenotype of PSEN1 mutant cells is
correlated to the CaSR putative heterocomplex with
secretases and/or to its internalization and potential
degradation mediated by NPS 2143. However, fur-
ther studies are needed to investigate such complex
processes.

Altogether, here we provide evidence that calci-
lytic positively counteracts amyloid secretion and
sA�PP� loss in a relevant model of fAD. It would
be interesting to explore whether NPS 2143 pro-
duces similar effects in iPSC-neurons derived from
individuals with sporadic AD. Indeed, these patients
represent the majority of AD cases, totaling about
95% of all patients, whereas only up to 5% are famil-
ial cases. Therefore, testing the calcilytic in sporadic
iPSC-neurons would be highly relevant and, in the
case of a positive outcome, would represent an attrac-
tive therapeutic strategy against AD.
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sensing receptors of human neural cells play crucial roles
in Alzheimer’s disease. Front Physiol 7, 134.

[25] Chiarini A, Armato U, Whitfield JF, Pra ID (2018) Targeting
human astrocytes’ calcium-sensing receptors for treatment
of Alzheimer’s disease. Curr Pharm Des 23, 4990-5000.

[26] Giudice M Lo, Mihalik B, Dinnyés A, Kobolák J (2019) The
nervous system relevance of the calcium sensing receptor
in health and disease. Molecules 24, 2546.

[27] Conigrave AD (2016) The calcium-sensing receptor and the
parathyroid: Past, present, future. Front Physiol 7, 563.

[28] Nemeth EF (2013) Allosteric modulators of the extracellular
calcium receptor. Drug Discov Today Technol 10, e277-
e284.

[29] Hofer AM, Brown EM (2003) Extracellular calcium sensing
and signalling. Nat Rev Mol Cell Biol 4, 530-538.

[30] Liu X-L, Lu Y-S, Gao J-Y, Marshall C, Xiao M, Miao
D-S, Karaplis A, Goltzman D, Ding J (2013) Calcium
sensing receptor absence delays postnatal brain develop-
ment via direct and indirect mechanisms. Mol Neurobiol 48,
590-600.

[31] Phillips CG, Harnett MT, Chen W, Smith SM (2008)
Calcium-sensing receptor activation depresses synaptic
transmission. J Neurosci 28, 12062-12070.

[32] Kim JY, Ho H, Kim N, Liu J, Tu C-L, Yenari MA, Chang W
(2014) Calcium-sensing receptor (CaSR) as a novel target
for ischemic neuroprotection. Ann Clin Transl Neurol 1,
851-866.

[33] Bai S, Mao M, Tian L, Yu Y, Zeng J, Ouyang K, Yu L, Li
L, Wang D, Deng X, Wei C, Luo Y (2015) Calcium sensing
receptor mediated the excessive generation of �-amyloid
peptide induced by hypoxia in vivo and in vitro. Biochem
Biophys Res Commun 459, 568-573.

[34] Armato U, Chiarini A, Chakravarthy B, Chioffi F, Pac-
chiana R, Colarusso E, Whitfield JF, Dal Prà I (2013)
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