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ABSTRACT: Alzheimer’s disease, which is the most common
form of dementia, is characterized by the aggregation of the
amyloid β peptide (Aβ) and by an impairment of calcium
homeostasis caused by excessive activation of glutamatergic
receptors (excitotoxicity). Here, we studied the effects on calcium
homeostasis caused by the formation of Aβ oligomeric assemblies.
We found that Aβ oligomers cause a rapid influx of calcium ions
(Ca2+) across the cell membrane by rapidly activating extrasynaptic
N-methyl-D-aspartate (NMDA) receptors and, to a lower extent, α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptors. We also observed, however, that misfolded oligomers do
not interact directly with these receptors. Further experiments with
lysophosphatidylcholine and arachidonic acid, which cause
membrane compression and stretch, respectively, indicated that these receptors are activated through a change in membrane
tension induced by the oligomers and transmitted mechanically to the receptors via the lipid bilayer. Indeed, lysophosphatidylcholine
is able to neutralize the oligomer-induced activation of the NMDA receptors, whereas arachidonic acid activates the receptors
similarly to the oligomers with no additive effects. An increased rotational freedom observed for a fluorescent probe embedded
within the membrane in the presence of the oligomers also indicates a membrane stretch. These results reveal a mechanism of
toxicity of Aβ oligomers in Alzheimer’s disease through the perturbation of the mechanical properties of lipid membranes sensed by
NMDA and AMPA receptors.
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■ INTRODUCTION

Alzheimer’s disease affects over 30 million people worldwide.1

According to the amyloid cascade hypothesis, a central role in
the etiology of the disease is played by the self-assembly of the
amyloid β peptide (Aβ) into senile plaques.2−4 In particular,
many lines of evidence suggest that oligomeric forms of Aβ
accumulating as intermediates in the aggregation process or
released by mature fibrils have a variety of pathogenic effects as
they are able to interact with a number of biological targets.3,5,6

An early biochemical modification in neurons is the
disruption of calcium homeostasis, resulting in increased
concentrations of calcium ions (Ca2+) in the intracellular
space.7−11 Many mechanisms have been described through
which Aβ oligomers cause an increase of Ca2+ levels in
neurons. Aβ oligomers have been found to induce the release
of glutamate by astrocytes, as well as to downregulate and
inactivate excitatory amino acid transporters 1 and 2 (EAAT-1
and EAAT-2), which are responsible for glutamate reuptake by
the same cells.12 These processes cause an excessive glutamate
concentration in the perisynaptic space, which activates
ionotropic glutamate receptors acting as Ca2+ channels on

neuronal membranes, particularly extrasynaptic N-methyl-D-
aspartate (NMDA) receptors, leading to a rise in intraneuronal
Ca2+ concentration.9,10,12 This phenomenon, known as
excitotoxicity, is not, however, the only mechanism through
which Aβ oligomers induce a disruption of Ca2+ homeostasis in
neurons. Aβ oligomers have also been found to induce directly
a glutamate-independent Ca2+ influx from the extracellular
space to the cytosol in cultured neuroblastoma cells and
primary neurons, by interacting directly with, and destabilizing,
lipid membranes and their protein components.13−25

The glutamate-independent Ca2+ influx, through which Aβ
oligomers can induce directly the entry of Ca2+ ions in neurons
across cell membranes, was described in terms of many
mechanisms including the destabilization or perforation of the
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lipid bilayer,16,25−28 the activation of ionotropic glutamate
receptors acting as Ca2+ channels, such as the NMDA
receptors17,19−25,29,30 and α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors,13,17−19 the activa-
tion of voltage-dependent Ca2+ channels,31,32 the activation of
transient receptor potential melastatin 2 (TRPM2),33 and the
activation of transient receptor potential A1 (TRPA1).34 It is
not yet clear, however, whether Aβ oligomers activate the Ca2+

channels only by interacting with them directly causing their

opening or also through other mechanisms mediated by
unknown protein factors. The analysis that we report here
allowed us to identify a molecular mechanism by which Aβ
oligomers activate extrasynaptic NMDA and AMPA receptors,
which is based on an interaction of the oligomers with lipid
membranes that perturb their mechanical properties, which is
sensed by the receptors through their mechanosensitivity, in
the absence of any direct or protein-mediated interaction with
the oligomers.

Figure 1.MTT reduction and intracellular free Ca2+ levels in SH-SY5Y cells treated with type A and type B oligomers. MTT reduction (A) in cells
treated for 24 h with native HypF-N (12 μM), type B and type A oligomers (12 μM, monomer equivalents), and ionomycin (1 μM) and (B) in
medium without Ca2+, with or without 24 h treatment with type A oligomers. (C) Representative confocal scanning microscopy images following
the treatment with 1 μM ionomycin, no treatment, 12 μM native HypF-N for 15 min, 12 μM type B oligomers for 15 min, 12 μM type A oligomers
for 5, 10, 15, 30, 60, 90, 120, and 180 min. The green fluorescence arises from Ca2+ binding to the Fluo-4 probe. (D) Semiquantitative analysis of
intracellular free Ca2+-derived fluorescence. (E) Representative confocal scanning microscopy images showing the levels of intracellular free Ca2+

following the treatment with 12 μM type A oligomers for 10 and 60 min in a medium without Ca2+ and semiquantitative analysis of intracellular
free Ca2+-derived fluorescence. Variable numbers of cells (12−22) in three different experiments were analyzed for each condition. Data are
represented as the mean ± SEM. The double (∗∗) and triple (∗∗∗) asterisks refer to p values of <0.01 and <0.001 relative to the untreated cells,
respectively.
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■ RESULTS

Model Oligomers Are Toxic to SH-SY5Y Cells in a
Ca2+-Dependent Manner. We started our investigations by
using model oligomers formed by the protein HypF-N, since
Aβ oligomers are difficult to isolate and study systematically. In
particular, certain HypF-N oligomers were previously found to
have effects similar to those of Aβ oligomers in cell and animal
models.35−38 These HypF-N oligomers (known as type A) are
ideally suited for analysis, as they are highly stable, versatile,
and easy to isolate and have a nontoxic counterpart (known as
type B), which is useful as a negative control.
In order to shed light on the importance of the Ca2+ influx

event in determining the cellular toxicity mediated by these
model oligomers, we first performed a cell stress readout assay
in the presence or absence of extracellular Ca2+. The cellular
stress induced by type A and type B oligomers and native
proteins was assessed on SH-SY5Y neuroblastoma cells after
24 h treatment using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay, which is
an indicator of the mitochondrial activity.39 Results of MTT
reduction assays obtained with this cell and oligomer types

have been found to correlate well with those of other cell stress
readout assays.36 The aggregates were transferred from the
solution in which they were formed into the cultured medium,
a transition that is known to maintain their morphological and
structural properties,35 and then added to the cells. The
treatment of the cells with the native protein or with type B
oligomers (12 μM monomer equivalents) did not affect the
ability of the cells to reduce the MTT molecule, whereas the
same dose of type A oligomers caused a 27 ± 5% reduction of
mitochondrial activity (Figure 1A), confirming previous
results.35,36 A 29 ± 6% decrease of MTT reduction was also
obtained with the Ca2+ influx positive control ionomycin,
suggesting that the Ca2+ influx causes a reduction of the
metabolic activity (Figure 1A). Such a reduction was not
observed when the experiment with type A oligomers was
repeated in extracellular medium without Ca2+ (Figure 1B).
This result was also confirmed in another cell line, the N13
murine microglial cells, which showed a higher susceptibility to
lower concentration of type A oligomers compared to SH-
SY5Y cells (Figure S1A). Overall, the data indicate that the
cellular toxicity induced by the oligomers is mediated by
extracellular Ca2+ levels.

Figure 2. Intracellular free Ca2+ levels in SH-SY5Y cells treated with type A oligomers, after the inhibition of AMPA and NMDA receptors. (A)
Representative confocal scanning microscopy images following the treatment with no inhibitors (first row), 5 μM CNQX (second row), and 10 μM
memantine (third row) and analyzed after 5, 10, 15, 30, 60, 90, 120, and 180 min of treatment with 12 μM (monomer equivalents) type A
oligomers. (B) Semiquantitative analysis of intracellular free Ca2+-derived fluorescence. Variable numbers of cells (12−22) in three different
experiments were analyzed for each condition. Data are represented as the mean ± SEM. The double (∗∗) and triple (∗∗∗) asterisks refer to p
values of <0.01 and <0.001, respectively, relative to untreated cells. The single (§), double (§§), and triple (§§§) symbols refer to p values of <0.05,
< 0.01, and <0.001, respectively, relative to type A oligomers without inhibitors. (C) Kinetic plots showing the fluorescence versus time as reported
in panel B.
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Type A Oligomers Induce Ca2+ Dyshomeostasis. To
investigate the mechanism of oligomer-induced and calcium-
mediated toxicity, we monitored the change of intracellular
Ca2+ concentration in SH-SY5Y cells following the treatment
with type A oligomers (12 μM monomer equivalents) over
time (Figure 1C,D). The data show a gradual increase of the
intracellular Ca2+ levels, which reached maximum levels after
180 min of treatment (Figure 1C,D). By contrast, type B
oligomers or the native protein did not have such effect
(Figure 1C,D). When these experiments were carried out in a
Ca2+-free medium, the cytoplasmic Ca2+ did not increase to
any detectable extent (Figure 1E), indicating the extracellular
origin of Ca2+.
The experiments were repeated on the N13 microglial cells,

where we observed a more rapid increase in the intracellular
Ca2+ levels within the first 5 min of treatment with type A
oligomers, which then remained almost constant up to 60 min
(Figure S1B,C). After 5 min of treatment with type A
oligomers in the Ca2+-free medium, the intracellular Ca2+ levels
were slightly lower than those observed after the treatment in
the medium with Ca2+ but significantly higher than those of
untreated cells (Figure S2A,B), suggesting that the cytosolic
Ca2+ increment in the microglial cells could arise in a large part
from intracellular compartments. To assess this possibility, we
treated the N13 cells with type A oligomers after the inhibition
of specific channels involved in the mechanism of release of
Ca2+ from the intracellular compartments. We used, in
particular, the benzothiazepine CGP-37157 to inhibit the
mitochondrial Na+/Ca2+ exchange and sarcoplasmic reticulum
calcium stimulated ATPase (SERCA),40,41 and 2-aminoethyl
diphenylborinate (2APB) to inhibit the intracellular D-myo-
inositol 1,4,5-trisphosphate (IP3)-induced Ca2+ release from
the endoplasmic reticulum.42 Both the inhibitors determined a
reduction of the intracellular Ca2+ levels following the
treatment with type A oligomers for 5 min, compared with
the treatment without inhibitors. This reduction was further
exacerbated when the treatment was performed with both
inhibitors at the same time and even more using both
inhibitors and the medium without extracellular Ca2+, where
low levels of cytosolic Ca2+ comparable to the untreated cells
were observed (Figure S2A,B). When the cytosolic Ca2+ levels
were measured after 60 min of treatment with type A
oligomers, the contribution of Ca2+ from the extracellular
space was found to be higher and that from the internal
sources lower than that found after 5 min treatment (Figure
S2C,D). Again, the pretreatment with both 2APB and CGP-
37157 inhibitors and the use of the Ca2+ free medium did not
cause any increase of cytosolic Ca2+ following the treatment
with type A oligomers.
Hence, type A oligomers appear to induce an increase of

cytosolic Ca2+ in both neuroblastoma SH-SY5Y and microglial
N13 cells. However, in the first case the increase is due almost
exclusively to the extracellular Ca2+ crossing the cell
membrane, whereas in the second case the source of cytosolic
Ca2+ is both the extracellular medium and the intracellular
stores.
Glutamate Receptors Mediate Early Ca2+ Influx

Induced by Type A Oligomers. In the search for potential
Ca2+ channels mediating the influx of Ca2+ from the
extracellular medium upon exposure to type A oligomers, we
first considered the extensive literature reporting that ligand-
gated Ca2+ channels of glutamatergic type, such as the NMDA
and AMPA receptors, are involved in the influx of Ca2+

mediated by Aβ oligomers.13,17−24,29,30 In order to verify the
presence of the NMDA and AMPA receptors on the SH-SY5Y
cellular membrane, we probed them on the cells with their
specific antibodies, observing their expression (Figure S3A).
To assess whether the expressed receptors were also functional
and active, we activated them using their specific agonists
NMDA and AMPA, finding that both small molecules are able
to induce an increase of the intracellular Ca2+ levels (Figure
S3B), an influx that was inhibited if the cells were pretreated
with the NMDA receptor uncompetitive inhibitor memantine
and the AMPA receptor competitive antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), respectively (Figure
S3B).
We therefore pretreated the SH-SY5Y neuroblastoma cells

with CNQX or with memantine, and then we treated the cells
with type A oligomers for different time intervals (Figure 2).
CNQX determined a slight reduction of the cytoplasmic Ca2+

levels in the early stages, up to 10 min, compared to the normal
time course without inhibitors (Figure 2). This reduction was
more significant following treatment with memantine. Indeed,
we observed Ca2+ levels similar to those of untreated cells up
to 10 min of treatment and then a gradual increase which
remained significantly different from that observed without
inhibitors starting from 15 min, reaching comparable levels at
60 min of treatment (Figure 2). These results suggest that in
the early stages of the Ca2+ influx from the extracellular space,
extrasynaptic AMPA and NMDA receptors play an important
role, particularly the latter, whereas in the late stages of the
influx of Ca2+ these receptors do not seem to give a significant
contribution to the massive entrance of Ca2+ ions into the cells.
This finding legitimates the use of SH-SY5Y cells for this study,
as they do not contain synaptic NMDA or AMPA receptors
that might interfere with the analysis.
The involvement of extrasynaptic AMPA and NMDA

receptors in the early stages of the influx of Ca2+ induced by
type A oligomers was confirmed in the N13 cells (Figure S4).
After 5 min of treatment with CNQX or memantine, we
observed a reduction of the cytosolic free Ca2+ in the cells,
compared to those without inhibitors (Figure S4). This
reduction was similar to that observed in the treatment without
Ca2+ described before at corresponding times (Figure S2B).
After 60 min of treatment with the type A oligomers, the
cytosolic Ca2+ levels were the same with or without the
inhibitors (Figure S4).

Type A Oligomers Do Not Directly Interact with
AMPA and NMDA Receptors. To explore the mechanism of
activation of extrasynaptic AMPA and NMDA receptor
channels by type A oligomers, we checked if there was a
direct interaction between the oligomers and the receptors
using a fluorescence resonance energy transfer (FRET)
analysis. Therefore, the AMPA and NMDA receptors were
labeled with the donor probe (D) primary antibody labeled
with ATTO488, and the type A oligomers were labeled with
the acceptor probe (A) Alexa Fluor 555 covalently linked to a
cysteine residue of the HypF-N sequence.
First, we ruled out the possible cross-reaction between the

oligomers and the anti-NMDA antibody testing the labeled
antibody on the oligomers attached to the coverslip in the
absence of cells (Figure S5). A positive control was also
performed, testing the rabbit anti-HypF-N antibody on the
oligomers attached to the coverslip and then adding the
labelled anti-rabbit secondary antibody (Figure S5). A negative
control was finally carried out using the labeled rabbit
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polyclonal anti-NMDA receptor antibody on a coverslip in the
absence of the oligomers (Figure S5).
In the presence of only D, SH-SY5Y cells were excited at 488

nm (D ex wavelength) and the fluorescence was observed in
the 499−535 nm range (D em range, Figure 3A, left). Then,
we excited the sample at 543 nm (A ex wavelength) and
observed the absence of emission in the 560−610 nm range (A
em range, Figure 3A, center). By exciting the samples at 488
nm and monitoring the emission in the 560−610 nm range (A
em range), we observed the bland contribution of D in the
FRET channel (Figure 3A, right). In the presence of only A,
we excited at 488 nm (D ex wavelength) and monitored the
emission in the 499−535 nm range (D em range, Figure 3B,
left), where we observed a low level of fluorescence. We then
excited at 543 nm (A ex wavelength) and observed the
emission in the 560−610 nm range (Figure 3B, center). We
finally observed the bland emission in the 560−610 nm range
in the FRET channel exciting at 488 nm (D ex wavelength,
Figure 3B, right). The fluorescence observed in the donor
channel in the presence of only the acceptor is due to a
technical spillover of the acceptor fluorescence which can be

excited at 488 nm to a low degree. This aspect was considered
in our analysis quantifying such fluorescence and reducing the
FRET fluorescence of the same amount.
In the presence of both D and A, we acquired images in the

donor channel (ex 488 nm, em 499−535 nm), in the acceptor
channel (ex 543 nm, em 560−610 nm), and in the FRET
channel (ex 488 nm, em 560−610 nm) and finally overlapped
the donor and acceptor channels to obtain the colocalization
image (Figure 3C). The comparison between the FRET
channel with only A or both D and A (Figure 3D) did not
show any variation of the A fluorescence. Moreover, the
comparison of the D fluorescence in the areas enriched with
the A-labeled oligomers (FDA, Figure 3E, yellow circle) with
the surrounding areas (FD, Figure 3E, blue circle) showed
similar values of D fluorescence. By calculating the FRET
efficiency (E) value as

E
F
F

1 DA

D
= −

(1)

we obtained a value close to 0, suggesting the lack of any direct
interaction between type A oligomers and NMDA receptors.

Figure 3. FRET analysis of the lack of direct interaction of type A oligomers with NMDA receptors in SH-SY5Y cells. (A) Cells treated with
unlabeled oligomers in the presence of primary antibody against NMDA receptors labeled with D on the donor channel (left, excitation 488 nm;
emission 499−535 nm), acceptor channel (center, excitation 543 nm; emission 560−610 nm), and FRET channel (right, excitation 488; emission
560−610 nm). (B) Cells treated with the oligomers labeled with A, in the absence of D on the donor channel (left, excitation 488 nm; emission
499−535 nm), acceptor channel (center, excitation 543 nm; emission 560−610 nm), and FRET channel (right, excitation 488; emission 560−610
nm). (C) Cells treated with the D and A: from left to right the donor channel, the acceptor channel, the FRET channel, and the colocalization
image, obtained by overlapping the donor and acceptor channels. (D) Semiquantitative analysis of the oligomers-derived fluorescence in the FRET
channel in the presence of only A (type A oligomers labeled A) or both D and A (primary antibody against NMDA receptors labeled with D and
type A oligomers labeled with A). (E) Representative confocal scanning microscopy image of D in the presence of both D and A (left). The blue
and yellow circles indicate representative areas without oligomers (FD) and with type A oligomers (FDA), respectively. Semiquantitative analysis of
the NMDA receptors-derived fluorescence in the areas corresponding to the oligomers compared with the surrounding areas (right). Data are
represented as the mean ± SEM.
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The experiments were performed also with the AMPA
receptors and the type A oligomers, and similarly, we did
not detect any direct interaction between the receptors and the
oligomers (Figure S6).
To rule out technical issues in the experiments described

above (Figures 4 and S6) that could be responsible for the lack
of FRET signal, we carried out a positive control of FRET
using an anti-AMPA receptors antibody labeled with
ATTO488 and the Alexa Fluor 594-conjugated anti-rabbit
secondary antibody as D and A, respectively (Figure S7A−C).
In the presence of only A, the fluorescence in the FRET
channel was lower compared to that in the presence of both D
and A (Figure S7E); moreover, the D fluorescence in the
donor channel was higher with only D compared to that with
both D and A (Figure S7D), proving the presence of energy
transfer between D and A.
Type A Oligomers Activate NMDA Receptors by

Mechanical Stimuli through the Lipid Bilayer. The
activation of extrasynaptic NMDA and AMPA receptors in
the absence of a direct interaction with the oligomers may
suggest a specific response involving other proteins or
messengers. However, the rapidity of the activation, high-
lighted by the absence of a lag phase in the time-dependent rise
of intracellular Ca2+ ions (Figure 2), rather suggests the
alternative hypothesis that the membrane deformation caused
by the interaction with the oligomers is transmitted
mechanically to the receptors via the lipid bilayer. In fact,

NMDA receptors are known to be mechanosensitive,
potentiated by mechanical stimuli such as membrane
depression, hypotonic solutions, and lateral membrane stretch
and inhibited by the opposite stimuli.43−47 To assess this
possibility, we enriched the membranes of SH-SY5Y cells with
lysophosphatidylcholine and arachidonic acid, which are
known to cause a membrane compression and stretch,
respect ive ly , because of thei r opposi te shapes .
Lysophosphatidylcholine has the shape of a cone (large
hydrophilic head and narrow hydrophobic tail), whereas
arachidonic acid has that of an inverted cone (narrow
hydrophilic head and large, highly unsaturated, hydrophobic
tail).44,48 They therefore cause an inhibition and potentiation
of the NMDA receptors, respectively.44 It was previously
observed that the use of lysophosphatidylcholine can cause an
increase in intracellular Ca2+ levels through the signaling of
GPR55,49 a receptor, which is, however, not expressed
(Human Protein Atlas source) or weakly expressed (Harmo-
nizome source) in SH-SY5Y cells.
SH-SY5Y cells were treated with various concentrations of

lysophosphatidylcholine (0−2 μM) for 2 h, washed with PBS,
and then incubated with 12 μM type A oligomers for 10 min. A
concentration of 2 μM lysophosphatidylcholine was found to
be enough to inhibit the oligomer-induced Ca2+ entry through
the NMDA receptors (Figure 4A,B). The ability of a bilayer-
embedded compound, such as lysophosphatidylcholine, to
counteract the oligomer-induced NMDA receptors opening,

Figure 4. Intracellular free Ca2+ in SH-SY5Y cells treated with type A oligomers after the enrichment with lysophosphatidylcholine and arachidonic
acid. (A) Representative confocal scanning microscopy images following the treatment for 2 h with 0, 0.05, 0.1, 1.0, and 2.0 μM
lysophosphatidylcholine (LPC) with or without type A oligomers and (B) semiquantitative analysis of intracellular free Ca2+-derived fluorescence.
(C) Cells treated with 0 and 10 μM arachidonic acid (AA) with or without type A and after pretreatment with 10 μM memantine and (D)
semiquantitative analysis of intracellular free Ca2+-derived fluorescence. Variable numbers of cells (12−22) in three different experiments were
analyzed for each condition. Data are represented as the mean ± SEM. The double (∗∗) and triple (∗∗∗) asterisks refer to p values of <0.01 and
<0.001, respectively, relative to untreated cells.
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despite the lack of any specific interaction between the lipid
and the receptors, suggests that the oligomers induce a
mechanical stimulus upon binding to the membrane, which is
then transmitted down to the NMDA receptors via the lipid
bilayer, thus causing their opening. The opposing force exerted
by lysophosphatidylcholine effectively inhibits the mechanical
signal generated by the action of the oligomers onto the
membrane.

We repeated the experiments by incubating the cells with 10
μM arachidonic acid before the addition of the oligomers.
Arachidonic acid alone was found to be enough to activate an
NMDA receptors-mediated influx of Ca2+ ions, even in the
absence of oligomers (Figure 4C,D), in agreement with the
literature reporting its mechanical action on the mem-
brane.43,44 The influx of Ca2+ ions was not further increased
when 12 μM type A oligomers were added in the presence of
arachidonic acid pretreatment (Figure 4C,D), in agreement

Table 1. Five Ca2+ Channels Interacting with Type A Oligomers

protein name
gene
name

protein
identifier inhibitor

N13
expression

SH-SY5Y
expression

anoctamin-6 (SCAN channel) Ano6 Q6P9J9 anti-ANO6 antibody + +
transient receptor potential cation channel subfamily V member 2
(TrpV2)

Trpv2 Q9WTR1 tranilast + −

P2X purinoceptor 4 (P2X4) P2rx4 Q9JJX6 anti-P2RX4 antibody + +
piezo-type mechanosensitive ion channel component 1 (FAM38A) Piezo1 E2JF22 GsMTx4 + +
transient receptor potential cation channel subfamily M member 7
(LTrpC-7)

Trpm7 Q923J1 FTY720 + +

Figure 5. Intracellular free Ca2+ levels in SH-SY5Y cells treated with zinc-stabilized Aβ40 and Aβ42 ADDLs oligomers, after the inhibition of AMPA
and NMDA receptors. (A, C) Semiquantitative analysis of intracellular free Ca2+-derived fluorescence following the treatment with no inhibitors, 5
μM CNQX, and 10 μM memantine and analyzed after 5, 10, 15, 30, 60, 90, 120, and 180 min of treatment with (A) 5 μM (monomer equivalents)
zinc-stabilized Aβ40 oligomers and (C) 1 μM (monomer equivalents) Aβ42 ADDLs oligomers. Variable numbers of cells (12−22) in three different
experiments were analyzed for each condition. Data are represented as mean ± SEM. The single (∗), double (∗∗), and triple (∗∗∗) asterisks refer
to p values of <0.05, < 0.01, and <0.001, respectively, relative to untreated cells. The single (§), double (§§), and triple (§§§) symbols refer to p
values of <0.05, < 0.01, and <0.001, respectively, relative to oligomers without inhibitors. (B) Kinetic plots showing the fluorescence values versus
time as reported in panel A. (D) Kinetic plots showing the fluorescence values versus time as reported in panel C.
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with the idea that an occlusion exists if two mechanical stimuli
of the same type are applied to the membrane to modulate
NMDA receptors.44 Importantly, all three effects are inhibited
by memantine indicating that they all result from an ionic
influx involving the NMDA receptors (Figure 4C,D).
Ion Channels Interacting with Type A Oligomers Are

Not Involved in the Ca2+ Influx. In the search for others
potential Ca2+ channels responsible for the observed influx of
Ca2+ from the extracellular medium, we took advantage of a
recent interactome-wide study in which more than 2500
membrane proteins of N13 cells interacting with type A
oligomers were identified.50 Among them, we did not find any
subunits of NMDA and AMPA receptors, in agreement with
our FRET results, but we identified five different Ca2+ channels
(Table 1): anoctamin-6 (SCAN channel), transient receptor
potential cation channel subfamily V member 2 (TrpV2), P2X
purinoceptor 4 (P2X4), piezo-type mechanosensitive ion
channel component 1 (FAM38A), and transient receptor
potential cation channel subfamily M member 7 (LTrpC-7).
Four of them were found to be expressed also in SH-SY5Y cells
(Table 1) except for TrpV2 [Human Protein Atlas source].51

To investigate the possible role of these four channels in the
influx of Ca2+ induced by type A oligomers in SH-SY5Y cells,
we inhibited them one by one, using specific inhibitors, before
the treatment for 5, 10, or 60 min with the type A oligomers
(Figure S8A,B). In all cases, we did not observe any variation
in the influx of Ca2+, indicating that none of the four Ca2+

channels are involved directly, either in the early or in the late
stages of Ca2+ influx.

We also investigated other channels, which were not found
to interact directly with type A oligomers in the interactome
study50 but are known to be important in some circumstances
for Ca2+ homeostasis and thus potentially relevant in the
present context: the voltage-gated calcium channels (VGCCs),
the calcium release-activated channels (CRACs), the nicotinic
acetylcholine receptor α7 (α7nAChR), and the cystine/
glutamate transporter (xCT).31,32,52−54 In these cases, we
pretreated the SH-SY5Y cells with Cd2+ (VGCCs inhibitor),
with Synta66 (CRAC channel inhibitor), with α-bungarotoxin
(α7nAChR inhibitor), or with erastin (xCT inhibitor), and
then we treated the cells with type A oligomers for 5, 10, or 60
min. The pattern of Ca2+ influx was similar to that observed
without inhibitors at all time points (Figure S8A,B), ruling out
their involvement in the Ca2+ influx induced by type A
oligomers.
The entire analysis was also performed on N13 cells,

confirming the same results (Figure S9). On this cell line we
also used combinations of inhibitors but failed to find
significant variations (Figure S10A,B). As a positive control,
we treated N13 cells with probenecid and with a combination
of probenecid and tranilast, two small molecule drugs acting as
specific activator and inhibitor of the TrpV2 channel,
respectively, in both cases in the absence of HypF-N
oligomers. In these experiments we observed an increase of
intracellular Ca2+ and a restoration to the levels observed in the
untreated cells, respectively (Figure S10C,D).

Zinc-Stabilized Aβ40 Oligomers and Aβ42 ADDLs
Activate NMDA and AMPA Receptors. To establish
whether the results obtained with the HypF-N model

Figure 6. Intracellular free Ca2+levels in primary rat cortical neurons treated with Aβ42 ADDLs oligomers after the inhibition of AMPA and NMDA
receptors. (A) Representative confocal scanning microscopy images of untreated cells and cells treated with 1 μM ionomycin (first row) and
following the treatment with no inhibitors (second row), 5 μM CNQX (third row), and 10 μM memantine (fourth row) and analyzed after 10 and
60 min of treatment with 1 μM (monomer equivalents) Aβ42 ADDLs oligomers. (B) Semiquantitative analysis of intracellular free Ca2+-derived
fluorescence. Variable numbers of cells (12−22) in three different experiments were analyzed for each condition. The single double (∗∗) and triple
(∗∗∗) asterisks refer to p values of <0.01 and <0.001, respectively, relative to untreated cells. The single (§) and double (§§) symbols refer to p
values of <0.05 and <0.01, respectively, relative to Aβ42 ADDLs oligomers without inhibitors.
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oligomers can be extended to Aβ oligomers, we studied zinc-
stabilized Aβ40 oligomers55 at the concentration of 5 μM
monomer equivalents and Aβ42-derived diffusible ligands
(ADDLs)56 at the concentration of 1 μM. The treatment of
SH-SY5Y cells with the zinc-stabilized Aβ40 oligomers induced
an increase of intracellular Ca2+ levels, which reached the
maximum value after 180 min of treatment (Figures 5A,B and
S11A). The use of specific inhibitors of AMPA and NMDA
receptors (CNQX and memantine, respectively) confirmed the
involvement of these channels in the early stage of the influx of
Ca2+, up to 10 min of treatment for the AMPA receptors and
15 min for the NMDA receptors, as the inhibitors slowed
down the kinetics of the Ca2+ increase (Figures 5A,B and
S11A). Moreover, we analyzed the four Ca2+ channels found to
interact with the type A oligomers in the N13 cells, as well as
the VGCCs, the CRAC channels, the α7nAChR, and the xCT,
using their respective specific inhibitors and protocols
described before. The results confirmed those observed with
the type A oligomers, that is, the lack of involvement of these
channels in the influx of Ca2+ (Figure S12).
The Aβ42 ADDLs had a similar behavior, causing an increase

in the intracellular Ca2+ levels up to 180 min after the
treatment of the SH-SY5Y cells (Figures 5C,D and S11B).
Similar to the zinc-stabilized Aβ40 oligomers described above,
the inhibition of the AMPA and NMDA receptors determined
a reduction of Ca2+ up to 10 and 15 min of treatment with the
oligomers, respectively (Figures 5C,D and S11B), whereas

inhibition of any of the other Ca2+ channels did not have any
such effects (Figure S13)
The effect on Ca2+ dyshomeostasis induced by Aβ42 ADDLs

after 10 and 60 min of treatment was tested also in primary rat
cortical neurons (Figure 6). Along the same lines, 10 min of
treatment with the oligomers was sufficient to induce an
increase of the intracellular Ca2+ levels, which increased further
after 60 min of treatment. The inhibition of the AMPA and
NMDA receptors determined a significant reduction of the
Ca2+ levels after 10 min of treatment with the Aβ42 ADDLs,
confirming the involvement of the receptors in the Ca2+ influx.
To confirm these results with a different technique, we

pretreated SH-SY5Y cells with the siRNA against the subunit
2B of the NMDA receptor. A significant reduction of the
NMDA receptor was observed in the silenced cells (Figure
S14A), and significantly lower intracellular Ca2+ levels were
observed in cells pretreated with siRNA after 10 min of
treatment with the Aβ42 ADDLs oligomers, compared with
cells without siRNA treatment (Figure S14B), confirming the
results observed with memantine. After 60 min of ADDL
treatment, the Ca2+ levels increased, but they were still lower
than the cells without siRNA (Figure S14B).

Aβ42 ADDLs Oligomers Activate NMDA Receptors
through Mechanical Stimuli. We then repeated the
experiments described on SH-SY5Y cellular membranes
enriched with lysophosphatidylcholine and arachidonic acid,
using Aβ42 ADDLs rather than HypF-N model oligomers. SH-

Figure 7. Intracellular free Ca2+ in SH-SY5Y cells treated with Aβ42 ADDLs oligomers after the enrichment with lysophosphatidylcholine and
arachidonic acid. (A) Representative confocal scanning microscopy images following the treatment for 2 h with 0, 0.05, 0.1, 1.0, and 2.0 μM
lysophosphatidylcholine (LPC) with or without Aβ42 ADDLs oligomers and (B) semiquantitative analysis of intracellular free Ca2+-derived
fluorescence. (C) Cells treated with 0 or 10 μM arachidonic acid (AA) with or without Aβ42 ADDLs oligomers and after pretreatment with 10 μM
memantine and (D) semiquantitative analysis of intracellular free Ca2+-derived fluorescence. Variable numbers of cells (12−22) in three different
experiments were analyzed for each condition. Data are represented as the mean ± SEM. The double (∗∗) and triple (∗∗∗) asterisks refer to p
values of <0.01 and <0.001, respectively, relative to untreated cells.
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SY5Y cells were treated with various concentrations of
lysophosphatidylcholine (0−2 μM) for 2 h, washed with cell
medium, and then incubated with 1 μM Aβ42 ADDLs
oligomers for 10 min. The enrichment with 2 μM
lysophosphatidylcholine caused a complete inhibition of the
ADDL-induced Ca2+ entry through the NMDA receptors
(Figure 7A,B), in agreement with the results obtained with the
model oligomers and lysophosphatidylcholine-enriched mem-
branes. Moreover, the application of 1 μM Aβ42 ADDLs
oligomers to SH-SY5Y cells pretreated with 10 μM arachidonic
acid produced a slightly higher, but not significant, increase of
Ca2+ influx with respect to cells pretreated with arachidonic
acid alone, again in agreement with observations obtained with
the model oligomers and arachidonic acid-enriched mem-
branes (Figure 7C,D). All these effects are inhibited by
memantine, indicating that they all result from an ionic influx
involving the NMDA receptors (Figure 7C,D).
When repeated on primary rat cortical neurons, the results

confirmed the inhibition of the ADDL-induced Ca2+ entry in
lysophosphatidylcholine-enriched cells and a slight, but not
significant, increase of Ca2+ influx in arachidonic acid-enriched
cells with respect to cells pretreated with arachidonic acid
alone (Figure 8). Memantine treatment again inhibited the
Ca2+ entry in neurons treated with arachidonic acid and
ADDLs, confirming the involvement of the NMDA receptors
(Figure 8).
Aβ42 ADDLs Oligomers Change the Cellular Mem-

brane Fluidity. In order to gain a second independent piece
of evidence that Aβ42 ADDLs activate the NMDA receptors via
mechanical stimuli through the membrane assimilable to a
bilayer stretching, we analyzed the effects of the oligomers on
the rotational diffusion of the 1-(4-trimethylammonium-
phenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-
DPH) probe, which is known to insert in the polar head group
region of the cell membrane due to its charged group.57 The
incorporation of the TMA-DPH in the plasma membrane was
observed analyzing its colocalization with the Alexa Fluor 594-
labeled trodusquemine, a small molecule that belongs to a
family of compounds known to bind the membrane58 (Figure
9A). In the absence and presence of a 10 min treatment with
ADDLs, the anisotropy of TMA-DPH was 0.22 ± 0.01 and
0.18 ± 0.01, respectively (Figure 9B), indicating a higher

increase of the rotational freedom of the fluorophore, in the
presence of the oligomers, resulting from a gain of free space
between the membrane lipids and fluidity of the whole
membrane bilayer.

Figure 8. Intracellular free Ca2+ levels in primary rat cortical neurons treated with Aβ42 ADDLs oligomers after the enrichment with
lysophosphatidylcholine and arachidonic acid. (A) Representative confocal scanning microscopy images following the treatment for 2 h with no
additives, 2.0 μM lysophosphatidylcholine (LPC), 10 μM arachidonic acid (AA), and 10 μM arachidonic acid (AA) after pretreatment with 10 μM
memantine, with or without 10 min treatment with 1 μM (monomer equivalents) Aβ42 ADDLs oligomers. (B) Semiquantitative analysis of
intracellular free Ca2+-derived fluorescence. Variable numbers of cells (12−22) in three different experiments were analyzed for each condition. The
double (∗∗) and triple (∗∗∗) asterisks refer to p values of <0.01 and <0.001, respectively, relative to untreated cells.

Figure 9. Incorporation of TMA-DPH in the SH-SY5Y cellular
membrane and measurement of fluorescence anisotropy. (A)
Representative confocal scanning microscopy images following the
treatment for 5 min with 2.0 μM TMA-DPH and for 10 min with 5
μM trodusquemine labeled with Alexa Fluor 594. (B) Fluorescence
anisotropy (r) of TMA-DPH obtained in the absence and presence of
1 μM (monomer equivalents) Aβ42 ADDLs oligomers. Data are
represented as the mean ± SEM. The triple (∗∗∗) asterisks refer to p
values of <0.001 relative to the results in the absence of oligomers.
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■ DISCUSSION

A key process in neurodegeneration, particularly in Alzheimer’s
disease, is the disruption of calcium homeostasis in neurons of
the neocortex and hippocampus.7−11 Indeed, one of the few
drugs approved for this disease by the American Food Drug
Agency (FDA), the European Medicine Agency (EMA), and
other governmental agencies is memantine, an inhibitor of
extrasynaptic NMDA receptors and of the Ca2+ current
through the cell membrane of neurons mediated by this
receptor.59 Aβ oligomers interact with, and destabilize, the cell
membrane and its protein components, with a consequent
Ca2+ influx from the extracellular space to the cytosol of
neurons. This influx has been proposed to occur through a
destabilization or perforation of the lipid bilayer16,25,26,28 or
activation of ionotropic receptors acting as calcium chan-
nels.13,17−20,22−25,29−34

Our results show that zinc-stabilized Aβ40 oligomers and
Aβ42 oligomeric ADDLs, as well as toxic HypF-N oligomers
mimicking Aβ oligomers, which were all previously found to be
toxic to neuronal cells,17,35,36,38,55,56,60,61 cause an influx of
Ca2+ on neuroblastoma cells by activating rapidly extrasynaptic
NMDA receptors and, to a lower extent, AMPA receptors and
also by causing, on a slower time scale, a perforation or
destabilization of the lipid bilayer of the membrane. This result
was also confirmed on cultured rat primary neurons. Indeed,
the rise of cytosolic Ca2+ ions detected within the first 10 min
following the exposure of the cells to the oligomers is caused
by NMDA and, to a lower extent, AMPA receptors as their
specific inhibition with memantine and CNQX, or knockdown
with a siRNA against the NMDA receptor GRIN2B subunit,
causes the appearance of a lag phase in the time-dependent rise
of intracellular Ca2+, with no significant increase within the first
10 min. Later, the intracellular Ca2+ levels start to increase
despite the persistent inactivation of the two receptors and
after 60−120 min they reach the same levels observed in the
absence of any inhibition. In this late stage, the influx of Ca2+

from the extracellular to the intracellular space is caused by the
direct passage of the ions through the cell membrane after the
interaction of the oligomers with the lipid bilayer and a
consequent destabilization and perforation.16,25,26,28,62

These results reinforce the idea that extrasynaptic NMDA
receptors play a central role in the pathogenesis of Alzheimer’s
disease, not just because they are activated aberrantly in the
disease as a result of the excitotoxicity induced by Aβ but also
because of the interaction of the peptide in aggregated forms
with the lipid membranes. Our results also provide an
explanation as to why blockage of the receptors is beneficial,
but not sufficient, to re-establish calcium homeostasis, as the
oligomers also cause a nonspecific entry of Ca2+ through the
destabilized membrane. This concept finds confirmation in the
clinical effects that are exerted by memantine as a drug, which
is symptomatic and helps improve the cognitive performance
of the patients but is not enough to reverse the disease or block
its progression. Early diagnosis of the disease and therapeutic
strategies that also interfere with the association of Aβ in
oligomeric forms with lipid membranes may add considerable
value in the fight against the disease.
Interestingly, none of the Ca2+ channels that have been

found in a previous interactome study to interact with HypF-N
oligomers, namely, SCAN, TrpV2, P2X4, FAM38A, and
LTrpC-7,50 can participate in the observed Ca2+ influx induced
by HypF-N, Aβ40 and Aβ42 oligomers. Similarly, other Ca2+

channels previously suggested to be involved in the Aβ-
induced alteration of Ca2+ homeostasis in some circumstances,
such as VGCCs, CRAC, α7nAChR, and xCT,31,32,52−54 were
not found to be involved. Indeed, their specific inhibition in
either microglial N13 and neuroblastoma SH-SY5Y cells does
not recover the Ca2+ dyshomeostasis, at either the early or late
times.
It is remarkable to observe that none of the protein subunits

forming the AMPA and NMDA receptors are present in the
HypF-N oligomer interactome studied in N13 cells, despite the
presence of these two receptors in this cell line.50 Such a lack
of interactions was confirmed here by the absence of any
significant FRET between the oligomers and receptors. This
finding is not in contrast with the observation that Aβ or
HypF-N oligomers colocalize with NMDA or AMPA receptors
as observed with confocal microscopy or coimmunoprecipita-
tion.17,18,25,30,63 Both species are indeed found to bind to the
lipid rafts of the membrane appearing closely associated in
these studies. However, within such membrane domains
noncovalent interactions between the two species appear to
be absent or labile.
How can misfolded protein oligomers activate rapidly

extrasynaptic AMPA and NMDA receptors in the absence of
any interaction between the two species? Specific or generic
responses involving other proteins and messengers as
mediators might in principle take place. It is indeed
increasingly accepted that the Fyn/PrPC signal transduction
is involved in the phosphorylation and downregulation of
synaptic NMDA receptors.64,65 However, the extrasynaptic
localization of the two AMPA and NMDA receptors in SH-
SY5Y cells, the rapidity of their activation (in particular the
absence of a lag phase in the time-dependent rise of
intracellular Ca2+ ions upon addition of the oligomers), and
their well-established mechanosensitivity43−47 suggest that the
change in membrane tension caused by the oligomers is
transmitted energetically to the receptors via the lipid bilayer.
We indeed found that lysophosphatidylcholine, a lipid that
mimics a mechanical compression of the membrane and
inhibits the NMDA receptors without acting as a specific
ligand,44 is able to neutralize the oligomer-induced activation
of the NMDA receptors, suggesting that this is the case.
Similarly, the occlusion observed between the effects of the
oligomers and that of arachidonic acid, that by contrast mimics
a mechanical stretch and activates the receptors,43,44 also
corroborates the hypothesis that the oligomers act with this
mechanism. Finally, the decreased fluorescence anisotropy of
the TMA-DPH probe embedded within the polar region of the
bilayer in the presence of the oligomers is a direct indication of
an enhanced increase of free space between the various lipids
in the bilayer and membrane fluidity upon interaction with the
oligomers.
In conclusion, Aβ oligomers were found to induce an influx

of Ca2+ ions across the cell membrane via an early activation of
AMPA and NMDA receptors, particularly the latter, and via a
later nonspecific destabilization of lipid bilayers. The
mechanism of action through which Aβ oligomers activate
the glutamatergic receptors was found to be based on a change
of the mechanical properties of the membrane following the
insertion of the oligomers in the bilayer that is transmitted
down to the receptors, which are therefore activated due to
their mechanosensitivity.
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■ MATERIALS AND METHODS
Preparation of HypF-N Oligomers, Aβ42 ADDLs, and Zinc-

Stabilized Aβ40 Oligomers. Wild-type and C7S/C65A HypF-N
(carrying a single cysteine residue at position 40) were prepared and
purified as described previously35 and stored at −80 °C in 20 mM
potassium phosphate buffer, pH 7.0, with 2 mM dithiothreitol (DTT)
for the wild-type form or in 20 mM potassium phosphate buffer, pH
7.0, with 2 mM tris (2-carboxyethyl)phosphine hydrochloride
(TCEP) for the mutant form. HypF-N and its mutant were converted
into toxic (type A) and nontoxic (type B) oligomers as previously
described.35 For the FRET experiments, type A oligomers were
formed by mixing mutant HypF-N labeled with Alexa Fluor 555 and
unlabeled HypF-N, at a molar ratio of 1:5. Each type of oligomer was
immediately diluted at the monomer equivalent concentration of 12
μM when added to the SH-SY5Y cell culture media and of 0.1 μM
when added to the N13 cell culture media.
Lyophilized Aβ42 (Bachem, Bubendorf, Switzerland) was dissolved

in HFIP to 1.0 mM and incubated for 1 h at room temperature to
allow complete peptide monomerization. Then, Aβ42 was converted
into ADDLs as previously described56 and immediately diluted in the
appropriate medium and added to the SH-SY5Y cell culture media at
the concentration of 1 μM. ADDLs were chosen as representative
Aβ42 oligomers because they are widely used and their morphology
and purity were routinely verified in our labs.66−68

Expression and purification of Aβ40 was carried out as previously
described,55 lyophilized in 50 mM ammonium acetate, pH 8.5, and
stored at −80 °C. 1 mg of lyophilized Aβ40 was converted in Zn2+-
stabilized Aβ40 oligomers at a final concentration of 100 μM,55 diluted
in the appropriate medium, and added to the SH-SY5Y cell culture
media at the concentration of 5 μM. The zinc-stabilized Aβ40
oligomers morphology and size were routinely verified in our
laboratories.69−71

Labeling of HypF-N Variant with Alexa Fluor 555
Maleimide. The HypF-N mutant was diluted to 120 μM in 20
mM potassium phosphate buffer, 2 mM TCEP, pH 7.0. Alexa Fluor
555 maleimide (Life Technologies/Thermo Fisher Scientific,
Waltham, MA, USA) was added to the sample to a final concentration
of 360 μM. The reaction mixture was left in the dark on a mechanical
shaker for 2 h at room temperature and then overnight at 4 °C. It was
dialyzed in the dark (using a membrane with a cutoff of 3 kDa)
against 1 L of 20 mM potassium phosphate buffer, pH 7.0, for 8 h and
then 1 L of the same buffer overnight. The sample was then
centrifuged to remove any precipitate. The concentration of the dye
was determined spectrophotometrically, using ε555 = 158 000 M−1

cm−1. The protein concentration was also determined spectrophoto-
metrically using ε280 = 12 490 M−1 cm−1 after subtraction of the
absorbance contribution of the probe at the same wavelength of 280
nm. We estimate this contribution as

y x0.0092582 0.0016448= + (2)

where x represents the molar concentration of the dye and y is the
absorbance of the dye at 280 nm.
Cell Cultures. Human SH-SY5Y neuroblastoma cells (A.T.C.C.,

Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) and F-12 HAM with 25 mM N-2-hydroxyethylpi-
perazine-N-2-ethanesulfonic acid (HEPES) and NaHCO3 (1:1) and
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine,
and 1% antibiotics. Cell cultures were maintained in a 5% CO2
humidified atmosphere at 37 °C and grown until they reached 80%
confluence for a maximum of 20 passages.
Murine N13 microglial cells (RRID CVCL_5G93) were cultured

in DMEM and F-12 HAM with 25 mM HEPES and NaHCO3 (1:1)
and supplemented with 10% heat-inactivated FBS, 2 mM glutamine,
1% antibiotics, and 1% nonessential amino acids. Cell cultures were
maintained in a 5% CO2 humidified atmosphere at 37 °C and grown
until they reached 80% confluence for a maximum of 20 passages.
Primary rat cortical neurons (Life Technologies/Thermo Fisher

Scientific) were plated in 24-well plate at the density of 200 000 cells
per well and maintained in neuronal basal plus medium (Life

Technologies/Gibco, Thermo Fisher Scientific) supplemented with
GlutaMAX (Gibco) at the concentration of 0.5 mM and 2% (v/v) B-
27 serum-free complement (Gibco) at 37 °C in a 5.0% CO2
humidified atmosphere. Every 4 days the medium was partially
replaced with fresh one. All the experiments were performed 12−16
days after plating.

MTT Reduction Assay. The MTT reduction assay was performed
in SH-SY5Y and N13 cells seeded in 96-well plate at a density of
10 000 cells per well. SH-SY5Y and N13 cells were treated with 1 μM
ionomycin, type A and type B oligomers, and the native protein at
concentrations of 12 μM and 0.1 μM, respectively, in normal cultured
medium or in a medium without Ca2+. 24 h after the treatment the
cells were incubated at 37 °C with 0.5 mg/mL of MTT solution in
RPMI for 4 h and then were incubated for 1−3 h at 37 °C with the
lysis buffer (20% SDS, 50% N,N-dimethylformamide, pH 4.7). Cell
viability was determined with the absorbance at 595 nm and
expressed as the percentage of MTT reduction relative to the
untreated cells, taken as 100%.

Expression of AMPA and NMDA Receptors. The expression of
AMPA and NMDA receptors was checked in SH-SY5Y cells plated in
six-well plates containing coverslips at a density of 40 000 cells per
well. After 24 h they were washed with PBS, fixed with 2% (v/v)
paraformaldehyde for 10 min at room temperature, and incubated for
1 h at 37 °C in PBS and 1% FBS with 1:150 diluted rabbit polyclonal
anti-AMPA receptors antibody or with 1:100 diluted rabbit polyclonal
anti-NMDA receptor antibody, both labeled with ATTO488
(Alomone Labs, Jerusalem, Israel).

Measurement of Cytosolic Free Ca2+ Levels. The cytosolic
Ca2+ levels were measured in living SH-SY5Y cells and N13 cells
loaded with 4 μM Fluo-4 AM (Life Technologies/Thermo Fisher
Scientific) after excitation at 488 nm by a TCS SP5 scanning confocal
microscopy system equipped with an argon laser source (Leica
Microsystems, Mannheim, Germany). A series of 1 μm thick optical
sections (1024 × 1024) was taken through the cell depth for each
sample using a Leica Plan Apo 63× oil immersion objective and
projected as a single composite image by superimposition (Leica).
10−22 cells, in three different experiments, were analyzed using
ImageJ software. In one set of experiments, SH-SY5Y cells were
treated with 12 μM native HypF-N for 15 min, 12 μM type B
oligomers (monomer equivalents) for 15 min, 12 μM type A
oligomers for 5−180 min, 1 μM Aβ42 ADDLs for 5−180 min, and 5
μM zinc-stabilized Aβ40 oligomers for 5−180 min. In a separate set of
experiments, the SH-SY5Y cells were treated for 10 or 60 min with 12
μM type A oligomers in a medium with or without Ca2+.

In another set of experiments, the SH-SY5Y cells were treated for
10 min with 1 mM NMDA or with 50 μM AMPA, with or without
pretreatment for 60 min with 10 μM memantine (NMDA receptor
inhibitor) or 5 μM CNQX (AMPA receptor inhibitor), respectively.

In another set of experiments, before the treatment with the various
oligomers, the SH-SY5Y cells were pretreated for 1 h with 5 μM
CNQX (AMPA receptor antagonist), 10 μM memantine (NMDA
receptor inhibitor), 1 μg/mL anti-ANO6 antibody (SCAN channel
inhibitor), 0.6 μg/mL anti-P2RX4 antibody (P2X4 inhibitor), 5 μM
GsMTx4 (FAM38A inhibitor), 3 μM FTY720 (LTrpC-7 inhibitor),
10 μM Cd2+ (VGCCs inhibitor), 10 μM Synta66 (CRAC inhibitor),
100 nM α-bungarotoxin (α7nAChR inhibitor), or 100 μM erastin
(xCT inhibitor). Before the treatment with 12 μM type A oligomers
or 1 μM Aβ42 ADDLs for 10 min, the SH-SY5Y cells were also
pretreated for 2 h with 0.05, 0.1, 1.0, and 2.0 μM L-α-
lysophosphatidylcholine or 10 μM arachidonic acid.

The experiments described above were performed also using N13
cells with the difference that 0.1 μM type A oligomers were used. In
addition, in this case the N13 cells were also treated for 5 or 60 min
with 0.1 μM type A oligomers in a medium without Ca2+ after 60 min
of pretreatment with 10 μM CGP-37157 or with 100 μM 2APB or
with both or with both inhibitors in a medium without Ca2+.

The experiments with 1 μM Aβ42 ADDLs for 10 and 60 min with
or without 5 μM CNQX or 10 μM memantine and with or without
2.0 μM L-α-lysophosphatidylcholine or 10 μM arachidonic acid were
also performed in the primary rat cortical neurons.
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RNA Interference. SH-SY5Y cells were plated in six-well plates
containing coverslips at a density of 40 000 cells per well. After 24 h,
they were washed with PBS and transfected using 25 nM Stealth
RNAi siRNA against glutamate ionotropic receptor NMDA type
subunit 2B (GRIN2B) (Life Technologies/Thermo Fisher Scientific),
7 μL of Lipofectamine, 10 μL of 5 mg/L transferrin in DMEM for 3 h
in a 5% CO2 humidified atmosphere at 37 °C. The cells were also
transfected with vehicle (transfection mix without siRNA) and with
25 nM Stealth RNAi siRNA negative controls (Life Technologies/
Thermo Fisher Scientific). 3 h after transfection the DMEM was
replaced with fresh complete medium, and the cells were incubated
for 72 h. The cells were then washed and incubated for 60 min at 37
°C with 1:400 diluted mouse monoclonal anti-NMDA receptor 2B
antibody (Life Technologies/Thermo Fisher Scientific) in PBS and
1% FBS and for 90 min with 1:1000 diluted Alexa Fluor 488-
conjugated anti-mouse secondary antibodies (Life Technologies/
Thermo Fisher Scientific) in PBS and 1% of FBS. The cytosolic Ca2+

levels after the treatment with 1 μM Aβ42 ADDLs were also measured
in silenced cells after 72 h of incubation, using the protocol described
above.
FRET Analysis. SH-SY5Y cells were treated with type A oligomers

(12 μM monomer equivalents) labeled with Alexa Fluor 555 (Life
Technologies/Thermo Fisher Scientific) as an acceptor (A) for 15
min, then fixed with 2% buffered paraformaldehyde for 10 min at
room temperature and then permeabilized with PBS, 0.5% (v/v)
Triton-X and 0.5% bovine serum albumin (BSA) for 7 min at room
temperature. After washing, the cells were stained with 1:150 diluted
rabbit polyclonal anti-AMPA receptors antibody or with 1:100 diluted
rabbit polyclonal anti-NMDA receptor antibody, both labeled with
ATTO488 (Alomone Labs) as a donor (D) in PBS and 1% FBS for
60 min at 37 °C. A positive control was performed in the absence of
oligomers using the same experimental protocol described above and
then incubating the cells for 60 min at 37 °C with 1:900 diluted Alexa
Fluor 594-conjugated anti-rabbit secondary antibody (Life Tech-
nologies/Thermo Fisher Scientific). Cells were analyzed using a Leica
TCS SP5 confocal scanning microscopy (Leica Microsystems), as
described above. The optical sections were acquired in the donor
channel (excitation at 488 nm and emission at 499−535 nm), in the
acceptor channel (excitation at 543 nm and emission at 560−610
nm), and in the FRET channel (excitation at 488 nm and emission at
560−610 nm).
In another experimental set, unlabeled type A oligomers (12 μM

monomer equivalents) were incubated for 1 h at 37 °C in cultured
medium without cells, in wells containing glass coverslips. The
coverslips were then fixed with 2% (v/v) paraformaldehyde for 10
min at room temperature and incubated with 0.5% BSA for 5 min at
room temperature for 30 min at 37 °C with 1:800 diluted rabbit anti-
HypF-N antibodies and then for 30 min at 37 °C with 1:1000 Alexa
Fluor 488-conjugated anti-rabbit secondary antibody (Life Tech-
nologies/Thermo Fisher Scientific). Alternatively, they were incu-
bated for 30 min at 37 °C with 1:100 diluted rabbit polyclonal anti-
NMDA receptor antibody labeled with ATTO488 (Alomone Labs).
The latter experiment was repeated on a glass coverslip without
oligomers. The first and third experiments represent the positive and
negative controls, respectively.
TMA-DPH Labeling and Anisotropy. SH-SY5Y cells, seeded on

glass coverslips, were loaded for 15 min with 5 μM trodusquemine
labeled with Alexa Fluor 594 succinimidyl ester in a 10:1
(trodusquemine:dye) molar ratio to label the membrane, and in the
last 5 min 2 μM TMA-DPH from Thermo Fisher scientific was added.
Cells were analyzed using a Leica TCS SP5 confocal scanning
microscopy as described above. Cells loaded with 2 μM TMA-DPH,
with or without a treatment with 1 μM Aβ42 ADDLs for 10 min, were
recovered after trypsination using PBS with MgCl2 and CaCl2, and the
fluorescence anisotropy (r) values were measured at 430 nm, after
excitation at 355 nm, using a 10 × 4 path length quartz cuvette and an
Agilent Cary Eclipse spectrofluorimeter (Agilent Technologies, Santa
Clara, CA, USA) equipped with a thermostated cell holder attached to
a Agilent PCB 1500 water Peltier system.

Statistical Analysis. All data were expressed as the mean ± SEM
(standard error of the mean). Comparisons between the different
groups were performed by Student’s t test. The single, double and
triple symbols refer to p values of <0.05, <0.01, and <0.001,
respectively.
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