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ABSTRACT 

Aβ1-42 is a peptide which can alter intracellular calcium (Ca2+) homeostasis and subsequently 
cause cell death. The molecular mechanisms underlying Aβ1-42-induced Ca2+ dyshomeostasis 
and neurodegeneration are not fully elucidated. The third isoform of the sodium-calcium 
exchanger (NCX) family, NCX3, plays a vital role in adjusting excitable cells Ca2+ homeostasis.  
In this study, using NCX3 stably transfected baby hamster kidney (BHK) cells, we aim to study 
the role of NCX3 against Aβ1-42 induced cell death. Our result demonstrates that NCX3 stably 
transfected cells (BHK-NCX3) are more resistant to Aβ1-42 aggregation compared to their wild 
types (BHK-WT). The increased cellular loss in BHK-WT was correlated to increased cytoplasmic 
Ca2+ concentration ([Ca2+]i) induced by Aβ1-42. These results present that NCX3 protects against 
Aβ1-42-induced cell death and proclaim NCX3 and its downstream molecular pathways as 
critical components that take part in Aβ1-42 neurotoxicity. Our study substantiates molecular 
events through which Aβ1-42 can induce neurodegeneration such as Alzheimer’s disease and 
marks potential targets to slow down neuropathogenesis.
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Introduction

Amyloid-beta (Aβ) peptides are metabolic 
products consisting of 38 to 43 amino acids, 
which exists in two prevalent isoforms: soluble 
Aβ1-40 (∼80-90%) and insoluble Aβ1-42 (∼5-
10%) [1,2]. Monomers of Aβ1-40 are much more 
ubiquitous than the aggregation-prone and 
toxic Aβ1-42 species. Aβ peptides originate from 
sequential cleavage of the Aβ precursor protein 
(APP) by the enzymatic actions of β-secretase 

and γ-secretase [3,4]. Its primacy has been 
evidenced in the ‘amyloid cascade hypothesis’, 
which postulates that the accumulation of Aβ 
(resulting from excessive production, distorted 
processing or unbalance between production and 
clearance) is the potential mechanism that leads 
neurodegeneration in Alzheimer’s disease (AD) 
[5]. However, the mechanism of pathogenicity 
for Aβ has not been fully elucidated. In the 
last decade, several studies have reported 
that Aβ is implicated in several pathological 
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we aimed to study whether NCX3 contributes 
against cell death induced by the Aβ1-42. We 
determined that BHK-NCX3 are more resistant 
to Aβ1-42 aggregation compared to wild-type 
(BHK-WT) cells which do not constitutively 
express NCX3 [22,23], as revealed by the 
staining with calcein-AM (a marker of living 
cells) and propidium iodide (a marker of non-
viable cells) (Figure 1A). This increase in Aβ1-

42-induced death in BHK-WT cells correlate 
with a significant increase in intracellular Ca2+ 
concentration ([Ca2+]i) which subsequently 
contributes toward mitochondrial dysfunction 
and then ATP depletion [24,25]. In conclusion, 
our determinations contemplate that NCX3 
might offer a therapeutic target to decelerate 
neurodegenerations such as AD. 

Materials and Methods

 � Materials

Baby Hamster Kidney (BHK) Cells were 
obtained from BioVector NTCC Inc. 
(GNHa10; Beijing, China). Aβ1-42 (ab120301), 
Rabbit polyclonal anti-NCX3 antibody (1:2000) 
(ab84708) and mouse monoclonal anti-tubulin 
(1:1000) (ab7751) were purchased from Abcam 
(Wuhan, Hubei, China). Nutrient Mixture F-12 
(Hams’ F-12) (11320082), Dulbecco’s Modified 
Eagle’s Medium (DMEM) (12491-015), 
Trypsin-EDTA 0.25% (25200056), Penicillin-
streptomycin (15140122), Heat-inactivated fetal 
bovine serum (FBS) (16000044), fluorescent 
dyes (i.e. Trypan Blue (15250061), and DNA 
binding dye (Hoechst-33258)), Poly-L-lysine 
(132706), and Protease inhibitor cocktail 
II (78437) as well as all other unmentioned 
materials, were all from Thermo Fisher Scientific 
(Wuhan, Hubei, China). 

 � Cell culture

The baby hamster kidney (BHK) cells were 
grown on plastic dishes in a mix of DMEM and 
Ham’s F12 media (1:1) supplemented with 5% 
fetal bovine serum, 100 U/ml penicillin, and 
100 µg/ml streptomycin. Cells were cultured 
in a humidified 5% CO2 atmosphere; the 
culture medium was changed every 2 days. For 
microfluorimetric studies, cells were plated 
on glass coverslips (102260, Thermo Fisher 
Scientific) coated with poly-L-lysine (30 µg/ml) 
and used at least 12 hours after plating [26].

 � Cell transfection

In the next day following the seeding of the 
cells to 70-90% confluence in a flask, complete 

conditions of the central nervous system, such as 
frontotemporal dementia (FTLD) [6,7] and AD 
[5,8,9]. These findings consistently pioneered 
the contribution of Ca2+ dishomeostasis in Aβ 
induced cell death [5,9].  

The sodium–calcium exchanger (NCX) is a 
plasma membrane protein that plays a major role 
in the maintenance of Ca2+ and Na+ homeostasis 
in most excitable and non-excitable cells. NCX 
plays a significant role in neurons, where an 
alteration in cytosolic Ca2+ concentration 
represents a vital event in several physiological 
(e.g. synaptic transmission) and pathological 
phenomenon (e.g. AD) [5,10]. NCX can 
function in two modes of action which are 
referred to as the ‘‘Ca2+ outflow mode’’ and ‘‘Ca2+ 
inflow mode’’ [5,11]. The functioning mode, 
effectively the direction of exchange, depends 
on the Ca2+ and Na+ electrochemical gradients 
across the plasma membrane and on the 
membrane potential. The Ca2+ outflow mode of 
exchange (forward mode) is defined functionally 
as an outside Na+-dependent Ca2+ outflow and 
an inside Ca2+-dependent Na+-inflow. The Ca2+ 
inflow mode of exchange (reverse mode) is 
usually defined as an inside Na+-dependent Ca2+-
inflow and outside Ca2+-dependent Na+-outflow. 
Because of the lack of specific inhibitors, whether 
NCX contributes to both net Ca2+ inflow and 
net Ca2+ outflow under normal physiological 
conditions is not thoroughly elucidated. 
However, there is a common understanding that 
the exchanger plays a significant role in removing 
Ca2+ in various cell types [12-14]. Three isoforms 
of the exchanger (NCX1, NCX2, and NCX3) 
encoded by different genes have been cloned 
[5,15]. NCX1 is predominantly expressed in the 
heart and is common in excitable cells [16,17]. 
The NCX2 expression is limited to the brain 
and spinal cord [16,18], while NCX3 expression 
is confined to the central nervous system and 
skeletal muscle [16,19]. In situ hybridization 
studies using rodent brain depicted that NCX1, 
NCX2, and NCX3 mRNA are found dispersed 
in all brain regions including the hippocampus, 
a region mostly provoked in AD [5,20,21]. The 
operational roles of each isoform in neurons yet 
have to be examined. Recently, Henok et al. [5] 
presented the protective role of NCX against 
ischemic damage and its role for cognitive 
function. Moreover, this study specifically 
implied that NCX3 is a potential molecular 
target in AD therapy.

In the current study, using NCX3 stably 
transfected baby hamster kidney (BHK) cells, 
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medium (DMEM solution) was replaced with 
Opti-MEMTM medium. Cells were transfected 
by adding complex mix of NCX3 plasmid (5 
µl) diluted in a solution of LipofectamineTM as 
described in the manufacturer’s protocol.

 � Aβ1-42 peptide treatment

Aβ1-42 was prepared as 0.1 mg/0.1 ml stock 
solution in sterile phosphate buffer solution 
(PBS) incubated at 37°C for 24 hours to enhance 
aggregation, and stored at -20°C. Stock solution 
was then directly diluted in cell culture media to 
give the desired experimental concentrations (1 
µM/10 µM).

 � Cell viability count 

Following 24 h treatment with 1 μM Aβ1-42 and 
following 6 h treatment with 10 μM Aβ1-42, at 
various time points, cells were incubated in an 
aliquot containing 0.4% Trypan Blue at room 

temperature (23°C) for 15  min and then blue 
cells were counted on a haemocytometer. The 
percentage of Trypan Blue positive cells was 
averaged over five fields’ total number of cells.

 � Assessment of nuclear morphology

Nuclear morphology was evaluated by 
using the fluorescent DNA-binding dye 
Hoechst-33258. To this aim, cells were fixed 
in 4% paraformaldehyde and incubated 
for 5 minutes in PBS containing 1 µg/ml 
Hoechst-33258 at 37°C. Coverslips were 
mounted on glass slides and observed with the 
Olympus fluorescence microscope 1X71S1F-3 
(Tokyo, Japan). Digital images were taken with a 
DP72 camera (Olympus, Tokyo, Japan), stored 
on the hard-disk of a Pentium III computer, and 
analyzed with the Image-Pro Plus 4.5 software 
(Media Cybernetics Inc, Silver Spring, MD, 
USA). Pathological nuclei were characterized 
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Figure 1: Effect of Aβ1-42 treatment on cell viability in BHK-WT and BHK-NCX3 cells

A: Representative fluorescent images of BHK-WT and BHK-NCX3 cells double stained with calcein-AM (a marker of living cells) and propidium iodide (a 
marker of non-viable cells) in control conditions (DMSO-24 h), following 24 h treatment with 1 μM Aβ1-42, and following 6 h treatment with 10 μM Aβ1-42.

B: Bar graph illustrating cell death in BHK-WT and BHK-NCX3 cells following Aβ1-42 exposure (1 μM for 24 h and 10 μM for 6 h), and in vehicle control 
condition treated with solvent DMSO for 24 h. **** P < 0.0001 vs. control condition; **** P < 0.0001 vs. BHK-WT cells. Each bar represents the mean (± SEM) 
of dozen different experimental values studied in four independent experimental sessions.
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by chromatin condensation (pyknosis) and 
fragmentation, or by decreases and increases in 
size [27,28].

 � Immunoblotting 

After treatment, cells were lysed with a buffer 
containing 20 mM Tris–HCl (pH 7.5), 10 mM 
NaF, 1 mM phenylmethylsulfonyl fluoride, 
1% NONIDET P-40, 1 mM Na3VO4, 0.1% 
aprotinin, 0.7 mg/ml pepstatin and 1 µg/ml 
leupeptin. Samples were cleared by centrifugation 
and supernatants were used for Western blot. 
Protein concentration in supernatants was 
determined by Bradford method [29]. Protein 
samples (50 µg) were analyzed on 8% sodium 
dodecyl sulfate polyacrilamide gel with 5% 
sodium dodecyl sulfate stacking gel (SDS-
PAGE) and electrotransferred onto Hybond 
ECL nitrocellulose paper (LC2006, Thermo 
Fisher Scientific). Membranes were blocked with 
5% nonfat dry milk in 0.1% Tween 20 (TBS-T; 
2 mmol/l Tris–HCl, 50 mmol/l NaCl, pH 7.5) 
for 1 h at room temperature and subsequently 
incubated overnight at 4°C in the blocked buffer 
with rabbit polyclonal NCX3 antibody (1:2000) 
[17,30].

The membranes were washed with 0.1% Tween 
20 and incubated with horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG (1:1000) 
(ab21058, Abcam) for 1 h. Immunoreactive 
bands were detected with the ECL. The optical 
density of the bands (normalized with those of 
actin) was determined by Chemi Doc Imaging 
System (Biorad).

 � Statistical analysis

Statistical analysis was performed on actual 
cell counts using Prism software (GraphPad 
6 software, San Diego, CA). All experiments 
were performed at least three times on separate 
days. On individual days, experiments were 
performed in triplicate and averaged to form a 
single experiment unit. Analyses were performed 
using one-way analysis of variance (ANOVA) 
followed by Student t test, and differences were 
considered to be statistically significant when P 
values were <.05. Data are presented as means ± 
standard error of the mean (SEM).

Results

To investigate the contribution of NCX3 against 
Aβ1-42-induced cell death, NCX3 cDNA was 
stably transfected in BHK cells, which do not 
constitutively express NCX isoforms [16]. In 

both cell lines, BHK-WT and BHK-NCX3, 
toxicological damages caused by a 24 h exposure 
of 1 µM Aβ1-42 was compared to an acute exposure 
of 6 h with a 10 times higher dose of Aβ1-42 [31]. 
The results of this study, demonstrated that 
the NCX3 gene product may play a relevant 
role in the cells resistance to Aβ1-42-induced 
death. Whereby, BHK-WT cells were more 
susceptible to Aβ1-42 cytotoxicity than BHK-
NCX3 exposed to 1 µM Aβ1-42 for 24 h (36.1 ± 
0.7% of cell death in BHK-WT vs. 5.6 ± 0.8% 
of cell death in BHK-NCX3; P<0.0001) or 10 
µM Aβ1-42 for 6 h (47.4 ± 1.1% of cell death in 
BHK-WT vs. 15.2 ± 1.3% of cell death in BHK-
NCX3; P<0.0001) (Figure 1B). In controlled 
conditions, cell viability was similar in both the 
transfected and wild type BHK cells as revealed 
by the haemocytometer cell count.

To evaluate BHK-WT and BHK-NCX3 cells 
resistance to Aβ1-42-induced death at 72 h, these 
cells were exposed to 10 µM Aβ1-42 following 
the seeding of the cells to 70-90% confluence. 
At this period of time, BHK-NCX3 cells were 
more resistant to the insult as compared to 
BHK-WT cells as revealed by the staining with 
calcein-AM and propidium iodide microscopic 
fluorescence (Figure 2A); and Trypan Blue 
cell viability count (Figure 2B). In addition, 
BHK-WT cells showed hastened Aβ1-42-induced 
abnormal nuclear morphology at 48 h, as 
detected by Hoechst 33258 (data not shown). 
Here we present substantiative evidence that 
BHK cells stably expressing NCX3 isoform are 
more resistant to Aβ1-42-induced cell death.

Most importantly, immunoblot analysis revealed 
that following 10 µM Aβ1-42 peptide treatment, 
the NCX3 native band, detected at ~105 kDa, 
decreased at 12, 24, 48, and 72 h, whereas 
the proteolytic band, migrating at ~75 kDa, 
increased progressively from 12 to 48 h (Figure 
3). Moreover, coincident with the rapid rise 
in cell death, interestingly the Aβ1-42-induced 
proteolytic band abruptly dropped after 48 h of 
the peptide treatment. These results demonstrate 
the effects of Aβ1-42 on NCX3. 

Discussion

Conceptually, physiological Aβ concentrations 
are necessary for normal synaptic plasticity and 
memory to occur [32,33]. But, previous lines 
of research using primary neurons have shown 
that abnormal Aβ concentration can induce 
behavioral changes and loss of neurons through 
the apoptosis program [34,35]. However, the 
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Figure 2: Viability of BHK-WT and BHK-NCX3 cells following treatment with 10 μM Aβ1-42 at intervals for 3 days.

A: Representative fluorescent images double stained with calcein-AM (a marker of living cells) and propidium iodide (a marker of non-viable cells) 
acquired under control conditions and after 24, 48 and 72 h of Aβ1-42 exposure in the BHK-NCX3 (a–d) and in the BHK-WT (e–h) cells.

B: Graph illustrating cell death in BHK-WT and BHK-NCX3 cells after 12, 24, 48, and 72 h of 10 μM Aβ1-42 exposures. Each bar represents the mean (± 
SEM) of dozen different experimental values studied in four independent experimental sessions. The arrow marks time after which the Aβ1-42-induced 
proteolytic band dropped sharply.

Control       12 h          24h         48 h        72 h

NCX3 (105 KDa)
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Figure 3: Effect of Aβ1-42 on NCX3 inactivation and on the consequent formation of NCX3 proteolytic fragment in BHK-NCX3 cells (Representative 
Immunoblot of NCX3 inactivation and its proteolytic fragment (pNCX3) formation; in BHK-NCX3 cells under control conditions, and after 12, 24, 48, and 
72 h of 10 μM Aβ1-42 exposures)

molecular mechanism(s) by which extracellular 
Aβ peptide damages neurons is still mostly 
unknown. 

One of the main mechanisms responsible 
for the neurotoxicity by Aβ may be that Aβ 
interacts with cell membrane components which 
further directly damages and/or enhances the 
vulnerability of neurons [36]. To address this, 

NCX3 stably transfected BHK cells which 
otherwise do not constitutively express NCX 
isoforms were cultured. 

Using BHK cells expressing brain specific NCX3 
isoform, we demonstrate that NCX3 plays an 
important role in Aβ1-42-induced cell death. Our 
findings reveal that NCX3 stably transfected 
BHK cells show significant resistance to Aβ1-42-
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induced plaque formation and death compared 
to BHK-WT. These results are consistent 
to previous reports were NCX3+/+ primary 
brainstem cultures exposed to Aβ1-42 showed 
resistance compared to neurons obtained from 
wild-type mice [37,38]. Furthermore, in most 
studies, Ca2+ dysregulation following to Aβ1-42 
aggregation was the leading cause of neuronal 
cell death [39,40]. In the current study, results 
present two important findings. First, NCX3 
expression unprovoked Aβ1-42 induced toxicity in 
BHK cells; whereby NCX3 genetic transfection 
in to BHK cells was found protective against 
Aβ1-42-induced cell death. BHK-NCX3 cells 
treated with Aβ1-42 showed significant resistance 
to cell death compared to BHK-WT. 

Second, we showed that following Aβ1-42 
treatment, inhibition of NCX3 expression and 
ultimately cell death (Figures 2 and 3) over 
a period of time. We can speculate that the 
increase of cell death observed in BHK-NCX3 
cells in after 48 h of treatment with Aβ1-42 
peptide was caused by the peptide fair specificity 
for the NCX3 functional modes of action (Ca2+ 
exchange) and its ability to inhibit the normal 
Krebs cycle complex I in the mitochondrial 
respiratory chain [30,41]. This speculation is 
supported by our observation in BHK-NCX3 
cells, where NCX3 expression is totally abolished 
following to 48-72 h Aβ1-42 treatment. 

It may be premature to call at this point, but 
in all probability, mitochondrial dysfunction 
and accordingly limited ATP production were 
the contributing factors to the compromised 
BHK-NCX3 cells survival following Aβ1-42 
exposure. The extent to which the mitochondrial 
dysfunction and the decreased ATP production 
are a consequence of NCX3 inhibition by Aβ1-

42 is not yet fully elucidated. However, previous 
studies showed that, mitochondria play a major 
role in sequestration of Ca2+ [42,43] and since 
Ca2+ is a positive effector of mitochondrial 
function [44], any perturbation in mitochondrial 
and/or cytosolic Ca2+ homeostasis have major 
consequences to cell function. It is plausible that 
Aβ1-42 induces a positive-feedback loop between 
mitochondrial dysfunction and cytoplasmic Ca2+ 
dysregulation. Overall, these findings present 

NCX3 protein as a substantial molecular target 
that may have a potential therapeutic value 
in modulating Aβ1-42 induced pathogenesis. 
Further studies are needed to elucidate the exact 
sequence of events between mitochondrial and 
Ca2+ pathways of Aβ1-42 cytotoxicity.

Conclusion

Indeed, BHK-NCX3 cells, unlike BHK-WT 
cells are able to better survive Aβ1-42 aggregation 
possibly by virtue of the NCX3 Ca2+-buffering 
properties in conditions of ATP depletion [5,15]. 
Therefore, our findings assert the protective role 
of NCX3 against Aβ1-42-induced cell death, and 
suggest reduced NCX3 and its downstream 
molecular pathways as key factors involved 
in Aβ1-42-induced neuropathogenesis such as 
Alzheimer’s disease. Further studies, including 
in-vivo animal experiments, are necessary for 
the determination of the actual contribution of 
NCX3 in Aβ1-42-induced human neuronal death. 
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