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a b s t r a c t
We studied the direct role of amyloid ␤ (A␤) in regulating capacitive calcium entry (CCE), an important
reﬁlling mechanism for depleted intracellular calcium stores. For the ﬁrst time, we found that A␤ can
potentiate CCE. Neural 2a cells stably expressing Swedish mutant APP (APPswe), which can secrete large
amounts of A␤, have stronger CCE than its wild-type controls. Either reducing the A␤ in the medium
by antibody binding or decreasing A␤ production by ␥ secretase inhibitor treatment could signiﬁcantly
depress CCE in APPswe cells. The results demonstrated that the CCE potentiation in APPswe cells was
caused by A␤ over-expression. Our research also revealed that the effect of A␤ on CCE potentiation could
be decreased by A␤ channel blocker, which showed that the channels formed by A␤ are one of the ways
through which A␤ causes CCE potentiation.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction
Alzheimer’s disease (AD) is a progressive dementia affecting a
large proportion of aging people. AD is characterized by two hallmark brain lesions, i.e. extracellular deposits of amyloid ␤ (A␤) and
intracellular neuroﬁbrillary tangles. A␤ is 40–42 amino acids in
length and is proposed to be central in the pathology of Alzheimer’s
disease (AD) [5,6,16]. It is derived from the processing of Amyloid
Precursor Protein (APP) by ␤ secretase and ␥ secretase [12]. Familial
APP mutations increase A␤ production or lead to an increased proportion of A␤ ending at residue 42 [4,28]. The Swedish mutation of
APP, which can cause an overproduction of A␤, is a double mutation
at codons 670 and 671 (APP 770 transcript) in exon 16. It has been
found to be correlated with the disease in two large families with
early-onset Alzheimer’s in Sweden [1,17].
Calcium plays a very important role in a great variety of life processes. Calcium dyshomeostasis is an important molecular defect
in AD [3,13]. Degenerated neurons in the brains of AD patients
showed increased levels of calcium [18] and increased activation
of Ca2+ -dependent enzymes [20]. Sustained disturbance in calcium
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homeostasis might be the primary cause of neurodegeneration in
Alzheimer’s disease.
Capacitive calcium entry (CCE), which is also called storeoperated calcium entry (SOCE), is calcium inﬂux activated by
depletion of calcium stores [22]. It has been reported that CCE is
involved in AD pathology. Mutations of presenilin 1, which is one
of the ␥ secretase components, leads to diminished CCE [9,14,33]. It
seems clear that one cellular consequence of Alzheimer’s diseaseassociated presenilin mutations is diminished CCE, which in some
way could contribute to the associated neuropathology. In contrast to presenilin mutations, surprisingly few direct studies have
addressed the effect of A␤ on CCE.
Here, we used neural 2a (N2a) cells stably expressing Swedish
mutant APP, which over produces A␤ [30], as model cells to study
the effect of A␤ on CCE. Our results showed that the Swedish mutant
APP can cause signiﬁcant potentiation of CCE in N2a cells. This kind
of potentiation could be antagonized either by the removal of A␤
by A␤ antibodies or by the inhibition of A␤ production by DAPT, a
␥ secretase inhibitor. Our research also showed that the channels
formed by A␤ on the cell membrane contribute to A␤ caused CCE
potentiation.
2. Materials and methods
2.1. Antibodies and chemicals
Mouse monoclonal antibody 6E10 against APP was purchased from Signet
Laboratories (Dedlam, MA), and 4G8 against A␤17–24 was from Sigma (St.
Louis, USA). Mouse anti-A␤1–42 antiserum was made by ourselves. N-[N-(3,5-
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diﬂuorophenacetyl)-l-alanyl]-sphenylglycinet-butyl ester (DAPT), thapsigargin and
tromethamine were obtained from Sigma.
2.2. Cell cultures
Murine N2a cells and their derivative clones stably expressing Swedish mutant
APP (APPswe) and wild-type human APP695 (APPwt) were generous gifts from Dr.
Huaxi Xu of the Burnham Institute, USA. Cells were maintained in medium containing 50% DMEM and 50% Opti-MEM (Gibco, USA), supplemented with 5% FBS,
250 g/ml G418 and 0.1% antibiotics (penicillin and streptomycin).
2.3. Western blot
For APP concentration detection, adherent cells were collected and further lysed
using cell lysis buffer. Protein concentrations were determined using a BCA kit
(Pierce, USA). Samples were eluted by cell lysis buffer to get the same concentration.
Proteins were further eluted by adding 4 × sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer and boiled at 100 ◦ C for 5 min. Proteins
were separated by 10% SDS-PAGE and were electrotransferred onto nitrocellulose
membrane (pore size 0.45 m). The membrane was incubated with anti-APP antibody 6E10 (1:1000 dilution) at 4 ◦ C for more than 4 h. Detection was performed
using alkaline phosphatase conjugated goat-anti-mouse IgG (1:10000). The bands
on the membrane were scanned and analyzed.
2.4. Calcium measurements
If not speciﬁcally mentioned, most of the [Ca2+ ] measurements in the cells were
performed using the indicator Fluo3/AM (Calbiochem, USA). Fluo3/AM was solubilized in DMSO. Cells were loaded with 5 M Fluo3/AM in HBSS (145 mM NaCl,
2.5 mM KCl, 1 mM MgCl2 , 20 mM HEPES, 10 mM gluocose, 1.8 mM CaCl2 ) containing
bovine serum albumin (1%) at 37 ◦ C for 30 min [8]. After 30 min of washing, they were
viewed using an upright microscope (BX61, Olympus). Measurements were acquired
at 3 s intervals. If not specially mentioned, the digital images were collected by CCD
camera (Coolsnap HQ) using a 20 × water immersion objective, and subsequently
analyzed using MetaMorph (Molecular Devices). Some of the images were collected
by a confocal microscope (FV500, Olympus), using a 60 × water immersion objective
and further analyzed by Fluoview (Olympus). For Ca2+ -free experiments the same
buffer was used, but CaCl2 was replaced with 50 M EGTA.
Fura2/AM was also used to conﬁrm the data obtained from Fluo3/AM. Cell treatment was as same as that in the Ca2+ measurement using Fluo3. The cells were
viewed using an inverted microscope (IX71, Olympus). The excitation wavelengths
of Fura2/AM are 340and 380 nm, while the emission wavelength is 510 nm. Digital images were collected by a CCD camera using a 40 × oil immersion objective
(Olympus, Japan). Measurements were acquired at 3–5 s intervals at both excitation
wavelengths (340 and 380 nm). Digital ﬂuorescence images were constructed and
displayed as pseudo-color images and subsequently analyzed (Aquamos). Ratio of
a Fura2 emission at 510 nm evoked by 340 and 380 nm light using a digital imaging
system (Hamayatsu, Japan) was used to represent the intracellular Ca2+ concentration.
Each experiment was performed for at least three cultures, and the values for
each group were expressed as mean ± SD. Statistical analyses were carried out by
two-tailed unpaired t-test. P < 0.05 was considered to be signiﬁcant. Data was collected using a CCD system except where noted otherwise. Cells were stained with
ﬂuo3 except specially noted. Data was collected using a CCD system and cells were
stained with Fluo3/AM unless noted otherwise.
2.5. Aˇ measurement
A␤ levels were determined using a commercially available sandwich enzymelinked immunoabsorbant assay (ELISA) kit which speciﬁcally recognizes A␤x-40
(Wako, Japan). Brieﬂy, to measure A␤ levels in the cell culture medium, 100 l of
undiluted medium or standards included in the kit were applied to microtiter plates
pre-coated with antibody and preserved in refrigerator overnight. Second conjugate
was applied to incubate for 2 h. The wells were then washed and substrate solution
was applied. The reaction was stopped with stop solution, and the color reaction was
read at 450 nm. Each experiment was performed for three cultures, and the values
for each group were expressed as mean ± SD. Statistical analyses were carried out
by student’s t-test. P < 0.05 was considered to be signiﬁcant.

3. Results
3.1. CCE is increased in APPswe cells
To investigate the effect of Swedish mutant APP on CCE, we
compared the CCE of N2a cells stably expressing Swedish mutant
APP (APPswe) with wild-type N2a cells (WT) (Fig. 1A). CCE was
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induced by a published protocol [9,23,33]. Brieﬂy, after preincubation in Ca2+ -free media containing cyclopiazonic acid (CPA) for
depletion of the ER Ca2+ stores, the cells were replenished with
Ca2+ -containing media (1.8 mM). An increase of CCE was observed
in APPswe cells as compared to the WT cells (Fig. 1B, C). This result
was further conﬁrmed using a confocal laser microscope system
(Fig. 1D, E) with Fluo3/AM as well as using an inverted microscope with another calcium indicator Fura2/AM (Fig. 1F,G). As CCE
was depressed in N2a cells transfected with wild-type human APP
(APPwt) (Fig. 1B, C), it excluded the possibility that wild-type APP
is playing a role in the CCE potentiation process.
3.2. CCE potentiation in APPswe cells is caused by Aˇ
overproduction
The most signiﬁcant difference between Swedish mutant APP
and wild-type APP is that Swedish mutant APP can be overprocessed by ␤ secretase and secrete much more A␤ (Fig. 2A)
[17]. To verify if A␤ was the cause of CCE potentiation in APPswe
cells, 0.05% A␤ antibody 4G8 was added to the culture medium of
APPswe cells. Twenty-four hours after the treatment, the CCE measurements were carried out. The results showed that A␤ antibody
can decrease CCE in APPswe cells (Fig. 2B, C). Similar results were
obtained by treating the cells with anti-A␤1–42 antiserum (Fig. 2B,
C). The results suggest that A␤ was one of the main causes of CCE
potentiation in the APPswe cells.
To further conﬁrm the role of A␤ in CCE potentiation, A␤ production inhibitor was added. We added 2 M DAPT, a well-known
␥ secretase inhibitor, into the culture medium of APPswe cells.
Twenty-four hours later, CCE was measured. It was shown that
DAPT could depress CCE in the APPswe cells, but not in the wildtype cells (Fig. 2D, E, F). This result further conﬁrmed the key role
of A␤ in CCE potentiation. Although the A␤ production was also
inhibited, there was no remarkable change of CCE in the wild-type
cells. This may be because that the CCE potentiation is a pathological symptom caused by high concentrations of A␤, and low
concentrations of A␤ in wild-type cells do not disturb normal CCE.
3.3. ER calcium stores increased in APPswe cells
It is suggested that CCE operates through a putative connection
between ER calcium stores and plasma membrane CCE channels
[22]. The depletion of ER calcium stores triggers an inﬂux of extracellular calcium into the cytosol through store-operated calcium
channels on the plasma membrane. Here, we investigated if ER
calcium store was changed in APPswe cells. The analysis was performed by measuring the response to thapsigargin in APPswe and
WT cells. Application of thapsigargin blocks SERCA Ca2+ pump
activity, leading to leakage of Ca2+ from the ER to the cytosol via
the endogenous ER Ca2+ leakage pathway [29].
It was shown that application of 1 M thapsigargin caused a
larger cytosolic Ca2+ elevation in APPswe cells than in WT cells.
The results showed that the ER calcium stores increased in APPswe
cells compared to that in WT cells (Fig. 3A, B).
3.4. CCE in APPswe cells can be decreased by Aˇ channel blocker
To further deﬁne the mechanism underlying the enhanced CCE
in APPswe cells, we focused our research on the cell membrane. It
has been reported that A␤ can form calcium-permeable channels in
cell membrane. This might be the basis of A␤ neurotoxicity [15,25].
To verify if CCE potentiation in APPswe cells is caused by the channel formation in the cell membrane, tromethamine, an A␤ channel
blocker [26], was used. After 20 mM tromethamine treatment for
24 h, the CCE in the APPswe cells was decreased (Fig. 4A, B). This
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Fig. 1. CCE in N2a cells (WT) and its derivatives stably expressing human APP 695 (APPwt) and Swedish mutant APP (APPswe). (A) APP expression levels were higher in APPwt
and APPswe cells than in WT cells. Cell lysates from different cells were analyzed by Western blotting with anti-APP monoclonal antibody (6E10) (upper panel). Tubulin was
detected as loading control (lower panel). (B) The time course of CCE in representative WT, APPwt and APPswe N2a cells. (C) The average peak amplitude of CCE in WT, APPwt
and APPswe N2a cells. (D) The time course of CCE in representative WT and APPswe N2a cells. Data was collected using confocal microscope system. (E) The average peak
amplitude of CCE in WT and APPswe N2a cells. Data was collected using confocal microscope system. (F) The time course of CCE in representative WT, APPwt and APPswe
N2a cells. Cells were stained with Fura2/AM. (G) The average peak amplitude of CCE in WT, APPwt and APPswe N2a cells. Cells were stained with Fura2/AM (n = number of
cells) (*p < 0.05, **p < 0.01). Data was collected using a CCD system and cells were stained with Fluo3/AM unless noted otherwise.

suggests that A␤ channels formed in the cell membrane contribute
to the effect of A␤ on CCE potentiation.
4. Discussion
Calcium dyshomeostasis is an important molecular defect in
AD [13]. Several calcium signals were found to be changed in AD.
Disruption of calcium regulation in the ER mediates signiﬁcant

signal-transduction cascades that are associated with Alzheimer’s
disease [25]. We investigated the role of A␤ on ER calcium and CCE.
Our results demonstrated that overproduced A␤ in APPswe cells
leads to not only higher CCE but also increased ER calcium store
compared to that in its wild-type counterparts. The CCE elevation
can be decreased in the presence of A␤ antibody or ␥ secretase
inhibitor. It demonstrated that CCE potentiation in APPswe cells
was mainly caused by A␤ overproduction.
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Fig. 2. CCE can be depressed in APPswe cells by removal of A␤. (A) Levels of secreted A␤ in WT, APPwt, and APPswe cells. The culture medium was collected for measurement
of A␤ by commercially available ELISA kit which speciﬁcally recognizes A␤x-40. The chemically synthesized A␤ fragments in the kit were used as standards (**p < 0.01). (B)
The time course of CCE in representative APPswe cells with or without A␤ antibody treatment. (C) The average peak amplitude of CCE in APPswe cells with or without A␤
antibody treatment. (D) The time course of CCE in representative WT cells with or without DAPT treatment. (E) The time course of CCE in representative APPswe cells with
or without DAPT treatment. (F) The average peak amplitude of CCE in WT and APPswe cells with or without DAPT treatment (n = number of cells) (**p < 0.01).

Fig. 3. ER calcium store was increased in APPswe cells. (A) The time course of CCE in representative wt and APPswe cells treated with 1 M thapsigargin. (B) The average
peak amplitude of CCE in WT and APPswe cells treated with 1 M thapsigargin (n = number of cells) (**p < 0.01). “tha” represented “thapsigargin”.
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Fig. 4. Tromethamine can depress CCE in APPswe cells. (A) The time course of CCE in representative APPswe cells with or without 20 mM tromethamine treatment. (B) The
average peak amplitude of CCE in APPswe cells with or without 20 mM tromethamine (n = number of cells) (**p < 0.01). “tro” represented “tromethamine”.

Our result also showed a depression of CCE in APPwt cells. The
different effect of APPwt and APPswe cells on CCE is because of
the different segmentation of them. As APPwt cells do not secret
as much A␤ as APPswe cells and other fragments of APP which
is overproduced in APPwt cells may play CCE depression roles,
the integrated effect of different fragments of APPwt cells is the
depression of CCE.
CCE is the primary mode of regulated calcium inﬂux into the
cytoplasm [22]. CCE disturbance can cause several physiological changes, and in some way could contribute to the associated
neuropathology [22]. The CCE potentiation we found here in the
APPswe cells could be used to explain several molecular mechanisms of A␤ toxicity such as apoptosis, cell cycle disturbance and
the change of calcium oscillation [21,31,32].
Our results also showed that the A␤-caused CCE potentiation is
connected with the channels formed by A␤. A␤ channel blocker can
decrease the CCE potentiation in APPswe cells. The concept that A␤
can insert into the cell membrane and form ion channel has been
supported by several studies and is thought to be the way through
which A␤ takes its toxic effect. The interaction of A␤ with cell membrane may result in the activation of a chain of biological processes
that, when long enough, induces cell apoptosis [2,19]. Our research
suggested that ion channels formed by A␤ are involved in CCE regulation. Blockage of A␤ channels can antagonize CCE potentiation
caused by A␤, which indicates that A␤ channel blocker could be
used for AD therapy. While A␤ affects calcium entry through the
cell membrane, presenilins exert their effect on the interior membrane. It has been reported that presenilins form ER calcium leakage
channels [29]. The channels formed by A␤ in the outer membrane
and the channels formed by presenilins in the inner membrane
jointly regulate the cytosol calcium level in Alzheimer’s disease.
A␤ channels might regulate CCE through two pathways. One is that
A␤ channels can cause some changes in the cell signaling pathway of CCE. Another is that A␤ channels directly play the role of
store operated calcium channels. Further experiments are needed
to deﬁne the mechanism. Although we have shown the effect of A␤
channels on CCE, considering the complicated mechanism of CCE,
we cannot exclude other possibilities through which A␤ causes CCE
potentiation.
A␤ can take various forms of aggregates: monomers, oligomers,
protoﬁbrils, ﬁbrils and plaques. While ﬁbril formation is linked to
neurotoxicity, evidence points to globular oligomers as the toxic
species [7]. Considering the low concentration of A␤ in the cell culture medium here, it is difﬁcult to detect its aggregation states,
and therefore it is hard to decide which structures contribute to A␤
caused CCE potentiation. However, we can deduce the suggestion
by combining previous studies with our results. Our results show

that A␤ channels contribute to A␤ caused CCE potentiation. Several reports suggested that it is oligomer (rather than ﬁbrils) that
forms A␤ channels on the membrane [24,27]. This viewpoint was
supported by structural data [10,11]. Therefore, oligomers may play
important roles in A␤ caused CCE potentiation.
In conclusion, our results demonstrate the role of A␤ in CCE in AD
model cell. Furthermore, we have established that these phenomena are connected with the channels formed by A␤. This suggests a
new effect of A␤ channels in AD. Our work also provides a possibility
of using A␤ channel blocker for AD therapy.
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