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Abstract
Alzheimer’s disease is characterized by progressive memory loss, death of hippocampal, cortical pyramidal and basal forebrain cholinergic neurons, and formation 
of amyloid-beta (Aβ) plaques and neurofibrillary tangles. Neurotoxic fragments of amyloid-beta protein precursor (AβPP), such as Aβ1-42, are generated by 
amyloidogenic processing via β- and γ- secretases. However, recent findings suggest that full length AβPP is also toxic to neurons, although the mechanism by which 
the non-cleaved protein induces cell death is presently unclear. Here, we utilize a transient transfection strategy to show that overexpression of wild type (WT) AβPP 
in mouse hippocampal HT22 cells induces caspase-dependent apoptosis. Cell death induced by AβPP is independent of the mitochondrial permeability transition 
but requires the activation of Bax. Incubation with β- or γ-secretase inhibitors has no effect on AβPP content or apoptosis and the mechanism of AβPP-induced cell 
death in HT22 cells is distinct from that of Aβ1-42 overexpression. Importantly, a mutant of AβPP that does not localize to mitochondria fails to induce apoptosis 
in HT22 cells. Finally, ρ0 SH-SY5Y neuroblastoma cells lacking functional mitochondria are resistant to AβPP-induced apoptosis. These findings demonstrate that 
the localization of full length AβPP to functional mitochondria is a prerequisite for this molecule to induce Bax-dependent apoptosis of hippocampal neuronal cells.
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Introduction
Alzheimer’s disease (AD) is the most common form of dementia 

involving both progressive and debilitating memory loss induced 
by the death of hippocampal, cortical pyramidal and basal forebrain 
cholinergic neurons. With an aging population, a risk rate of 40% for 
people over the age of 80, and therapies with low efficacy, AD is a major 
health care concern [1,2]. Furthermore, many purported therapeutic 
targets have been identified to no avail because the underlying 
pathologic mechanism in AD is not well understood.

Multiple studies have pointed to a prominent role for 
mitochondrial dysfunction and mitochondrial oxidative stress 
(MOS) in the pathogenesis of AD. For example, in platelets collected 
from AD patients, there is reduced activity of cytochrome c oxidase. 
Similar results have been observed in the frontal, temporal and parietal 
cortices from autopsied AD patients [3]. Decreases in the distribution 
of healthy mitochondria were found in hippocampal pyramidal 
neurons from AD patients compared to areas of the brain that are not 
affected in this disease [4]. Indices of increased MOS have also been 
found in brains of AD patients, such as increased oxidative damage to 
mitochondrial DNA and oxidative modification of the mitochondrial 
protein, VDAC1 [5,6]. Additional studies utilizing cybrid cells from 
AD patients showed an increase in reactive oxygen species (ROS) 
production as well as decreases in ATP production and cytochrome 
oxidase activities, compared to cybrid cells from healthy individuals 
[7]. Furthermore, in vivo studies have shown that transgenic AD mice 
(3xTg-AD) display mitochondrial dysfunction and MOS prior to the 
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detection of overt AD pathology [8]. Finally, aberrant production of 
ROS by aging dysfunctional mitochondria triggers a vicious cycle by 
inducing amyloidogenic processing of AβPP, a process which can be 
suppressed by the mitochondrial transcriptional regulator TFAM 
[9,10]. Together, these studies suggest that mitochondrial dysfunction 
and MOS are significant and early events in the pathogenesis of AD.

The amyloid cascade hypothesis has dominated the field of 
AD research and is founded on substantial evidence that toxic Aβ 
species contribute to the pathology of AD, particularly at the level 
of the mitochondria. For example, Aβ has been shown to localize 
to mitochondria and to interact with amyloid-beta binding alcohol 
dehydrogenase (ABAD) within these organelles in brain tissue from 
AD patients and AD transgenic mice [11,12]. Aβ has also been shown 
to inhibit multiple complexes of the electron transport chain (ETC) 
and consequently induces MOS and organelle dysfunction [13,14].

In addition to Aβ, full length AβPP also localizes to mitochondria. 
AβPP inserts into the mitochondrial translocases, TOM 40 and TIM 23, 
and as a result has the potential to induce mitochondrial dysfunction 
[15]. In this context, we have previously shown that overexpression of 
full length WT AβPP induces intrinsic apoptosis in Chinese hamster 
ovary (CHO) cells, independently of Aβ production [16]. Our previous 
study is in agreement with others showing that full length WT AβPP 
can induce apoptosis in the human SH-SY5Y neuroblastoma and 
differentiated NBP2 neuroblastoma cell lines [17,18]. Furthermore, an 
in vivo study using WT AβPP overexpressing mice showed that these 
mice develop memory deficits independently of Aβ accumulation in 
the hippocampus [19]. Collectively, the above studies suggest that full 
length AβPP may contribute to AD pathogenesis; however, whether its 
localization to mitochondria is necessary to induce neuronal cell death 
is currently unknown.

In the present study, we examined the effects of WT AβPP 
overexpression in the mouse HT22 hippocampal cell line. 
Overexpression of full length WT AβPP induces Bax- and caspase-
dependent apoptosis in HT22 cells. AβPP protein levels and AβPP-
induced apoptosis were unaffected by inhibitors of either β- or γ- 
secretases and the mechanism of AβPP-induced cell death is distinct 
from that of Aβ1-42 overexpression, suggesting that the full length 
protein is intrinsically toxic to HT22 cells. Finally, we show that AβPP 
localization to functional mitochondria is required for this protein to 
induce neuronal apoptosis.

Materials and methods
Cell culture

Immortalized mouse hippocampal cells (HT22) were plated on 35-
mm diameter plastic dishes in DMEM low glucose (with L-glutamine) 
containing 10% fetal bovine serum and penicillin/streptomycin 
(100 Units/mL/100 μg/mL). SH-SY5Y (both ρ+ and ρ0) cells were 
plated on 35-mm diameter plastic dishes in DMEM high glucose 
(with L-glutamine) containing 10% fetal bovine serum, penicillin/
streptomycin (100 Units/mL/100 μg/mL), 50 μg/mL uridine and 100 
μg/mL sodium pyruvate. Cells were cultured overnight at 37°C in 10% 
CO2. The following day cells were transfected and treated, at which 
point cultures were 80-90% confluent.

Reagents

Hoechst dye, kanamycin sulfate, and staurosporine were purchased 
from Sigma Aldrich (St. Louis, MO). Dulbecco’s modified eagle’s 
medium (low glucose), lipofectamine 2000, Opti-MEM medium and 
Image-iT live mitochondrial transition pore assay kit was purchased 

from Invitrogen (Carlsbad, CA). Cyclosporin A, Q-VD-OPh non-o-
methylated, active Bax (6A7) monoclonal antibody, and glutathione 
monoethylester were purchased from Calbiochem (SanDiego, 
CA). Active caspase-3 antibody was purchased from Promega 
(Madison, WI). β-secretase inhibitor IV and Bax inhibiting peptide 
were purchased from Millipore (Billerica, MA). The γ-secretase 
inhibitor XXIII was purchased from EMD (Darmstadt, Germany). 
The β-secretase and γ-secretase inhibitors were initially prepared as 
concentrated stock solutions in DMSO. The final DMSO concentration 
used on the cells was 0.1%. The AβPP antibody was purchased from 
Biolegend (San Diego, CA). The OPA1 antibody was purchased from 
BD (Franklin Lakes, NJ). The mitochondrial/cytosolic fractionation 
kit was purchased from BioVision (Mountain View, CA). Site directed 
mutagenesis kit was purchased from Agilent Technologies (Santa 
Clara, CA). Primers for mutagenesis were purchased from Integrated 
DNA Technologies (Coralville, IA). The DsRed2-WT AβPP (N- 
terminus tagged) plasmid was a generous gift from Dr. Xiongwei Zhu 
from Case Western Reserve University (Cleveland, OH) and it encoded 
the human AβPP695 isoform.

Plasmid preparation

DsRed2 and DsRed2-WT AβPP were transformed using 50 ng 
of plasmid in JM109 Eschericia coli (E. coli) and were subsequently 
grown on LB agar plates containing 35 μg/mL kanamycin sulfate at 
37°C overnight. Starter cultures were grown in LB broth with 35 μg/mL 
kanamycin sulfate for 6-8 h at 37°C, and diluted 1:250 into overnight 
cultures. Plasmid purification was performed using the Qiagen Maxi 
Prep Kit (Valencia, CA) per the manufacturer’s instructions. DNA 
concentrations were determined using an average of three trials on a 
Thermo Scientific NanoDrop 2000.

Transfection

DsRed2 and DsRed2-WT AβPP were used at a concentration of 
5μg/mL. Plasmids were transfected using a standard Lipofectamine 
2000 protocol. Cell cultures were incubated with the plasmid-
Lipofectamine 2000 mixture in Opti-MEM for 6 h at 37°C and 10% 
CO2. Transfection media was removed from cell cultures after 6 h 
and cells were placed in 1mL of culture medium and the indicated 
treatments were administered. Cells were then incubated overnight at 
37°C and 10% CO2.

Mitochondrial, cytosolic, and plasma membrane subcellular 
fractionation

Medium was aspirated and cells were washed 1× in ice-cold 
phosphate buffered saline solution (PBS, pH 7.4). A 200 μL aliquot of 
cytosolic buffer (provided in the kit, diluted 1:5 in ddH2O, with added 
protease inhibitor cocktail and 1 mM DTT, as per the manufacturer’s 
recommendations) was added to the cells and allowed to incubate on ice 
for 20 min. Cells were scraped, harvested, and then homogenized with 
40 passes of a dounce homogenizer. Samples were spun down at 720 rcf 
for 10 min at 4°C. The supernatant from each sample was transferred 
to a new tube labeled “mitochondrial fraction” and spun at 10,000 rcf 
for 30 min at 4°C. The supernatant was then transferred to a new tube 
labeled “cytosolic fraction” and the pellet in the mitochondrial fraction 
tube was resuspended in 100 μl of mitochondrial buffer (provided in 
the kit, with added protease inhibitor cocktail and 1 mM DTT, as per 
the manufacturer’s recommendations).

Immunoblotting

Immunoblot analysis was performed as previously described [20]. 
The antibody used for western blotting for AβPP was BioLegend Clone 
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C1/6.1 and was raised against the conserved carboxyl-terminal 20 
residues of AβPP (residues 676-695 of AβPP695). This antibody was 
used at a final dilution of 1mg/ml for immunoblotting. Additional 
antibodies used for western blotting included Cox-IV, GAPDH, Na/K 
ATPase, OPA1, and β-tubulin. Each of these antibodies was used at the 
dilution recommended by the manufacturer.

Immunocytochemistry and fluorescence imaging

HT22 cells were washed once in 1X PBS and fixed with 1 mL 4% 
paraformaldehyde for 1 h at RT. Cells were permeabilized and blocked 
with a 5% BSA solution in 0.2% Triton X-100-1X PBS (PBS-T) for 
1h at RT. Primary antibody was diluted in a 2% BSA solution PBS-T 
and incubated with cells overnight at 4°C. The following day cells 
were washed 5x with 1X PBS-T over 30 min. Cells were incubated for 
1h at RT in Hoechst (1:500) and secondary antibody at a dilution of 
1:250 in 2% BSA solution in PBS-T. Cells were washed 5x in 1X PBS-T 
over 30 min, and placed in anti-quench solution (1X PBS containing 
p-phenylenediamine). Fluorescent images were captured using a 40X 
objective on a Zeiss Axiovert-200 microscope.

Mitochondrial permeability transition pore (mPTP) assay
At 24 h post-transfection, HT22 cells were washed once with Hank’s 

balanced buffered salt solution (HBSS; pH 7.4) and cells were placed in 
1 mL of Hank’s buffer. Calcein AM (1mM), Hoechst (1mM), and cobalt 
(II) chloride hexahydrate (1 M) were added at 1 μl each per well of cells. 
Cells were incubated at 37ºC and 10% CO2 for 15 min. Next, cells were 
washed once with HBSS and imaged live by fluorescence microscopy.

Site-directed mutagenesis

AβPP 3M was generated by mutagenesis of the DsRed-
tagged AβPP in four site-directed mutagenesis reactions, each 
creating a point mutation. Sense primer sequences were as follows; 
ATGAATGTCCAGAATGGGAACTGGGATTCAGATCC  (AAG to AAC or Lys to 
As n) TGTGGCAGACTGAACATGAACATGAATGTCCAGAATG (CAC to AAC 
or His to Asn) GATTGCCATGTTCTGTGGCAAACTGAACATGAACATGAA (AGA 
to AAA or Arg to  Lys)  ATTGCCATGTTCTGTGGCAACCTGAACATGAACATGAATG 
(AAA to AAC or Lys to Asn). Primers were generated using Agilent 
Technologies web-based QuikChange Primer Design Program. 
Site direction reactions were set up as per the manufacturer’s 
recommendations in the QuickChange Lightning Site directed 
mutagenesis kit.

Statistical analysis and quantification

Recorded values of apoptosis, including caspase-3 activation 
and DNA fragmentation, and mPTP opening were quantified from 
15 images per experiment, for each treatment. Data are represented 
as mean±SEM for the number (n) of independent experiments 
performed. Only transfected cells (DsRed2 fluorescent) were counted 
in each field and values are shown as a percentage of total transfected 
cells. Experiments are representative of at least n=3 trials. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) 
and a post hoc Tukey’s test. Differences were considered significant 
with a p value <0.05.

Results
Overexpression of AβPP induces apoptosis in HT22 cells

To assess if overexpression of AβPP induces apoptosis in a 
hippocampal cell line, we transfected HT22 cells with a DsRed2 WT 

AβPP construct or a DsRed2 empty vector. Typical transfection 
efficiency was between 20-30%. HT22 cells transfected with the control 
DsRed2 vector appeared healthy, with intact large nuclei and little-to-
no active caspase-3 staining (Figure1A, left panels). In contrast, cells 
expressing WT AβPP (DsRed2 fluorescence) displayed an increase 
in active caspase-3 staining as well as an increase in fragmented and 
condensed nuclei (Figure 1A, right panels). HT22 cells which were not 
transfected with WT AβPP did not appear apoptotic. Quantification 
of these data showed that cells transfected with WT AβPP had a 
significant increase in condensed nuclei compared to cells transfected 
with DsRed2 alone (Figure 1B). Furthermore, WT AβPP induced a 
significant increase in cells which displayed both condensed nuclei and 
active caspase-3 staining compared to DsRed2 alone (Figure 1B).

Apoptosis induced in HT22 cells by the overexpression of 
AβPP is caspase-dependent

To further support that AβPP overexpression induces caspase-
dependent apoptosis, we treated AβPP overexpressing cells with a 
pan-caspase inhibitor, Q-VD-OPh (Q-VD). Q-VD treated AβPP 
overexpressing cells showed significantly reduced active caspase-3 
staining and larger, healthier nuclei compared to AβPP overexpressing 
cells left untreated. Quantification of these experiments indicated that 
Q-VD essentially completely protected HT22 cells from apoptosis 
induced by AβPP overexpression (Figure 2A). These data suggest 

Figure 1. Overexpression of AβPP induces apoptosis of HT22 hippocampal cells. A) 
HT22 cells at 24 h post- transfection with either DsRed2 (left) or DsRed2- AβPP (right). 
Top panels show fluorescence of DsRed2 (red), active caspase-3 (green) and Hoechst 
stain (blue). Arrowheads indicate healthy transfected cells with large nuclei in the left 
panels. In the right panels arrowheads indicate transfected cells with apoptotic nuclei and 
active caspase -3 staining and the arrow indicates a cell displaying a condensed nucleus 
without active caspase-3 staining. Bottom panels are decolorized Hoechst fluorescence 
to emphasize neuclear morphology. Images are representative of all experiments n=15. 
Scale bar represents 10 microns. B) Quantitative assessment of HT22 cell apoptosis at 24 h 
post- transfection with either DsRed2 empty vector or DsRed2-AβPP. Cells were counted 
and scored as having apoptotic nuclei (condensed or fragmented morphology) or having 
both apoptotic nuclei and active caspase -3 staining. Only transfected cells were quantified. 
Data are expressed as the mean ± SEM, n=15 independent experiments each performed in 
duplicate. ** indicates p<0.01 compared to DsRed2 control using an unpaired student’s T-test.
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that AβPP induces a caspase- dependent apoptotic cascade when 
overexpressed in HT22 cells.

GSH affords partial protection against apoptosis induced by 
AβPP

Next we examined if the mechanism of apoptosis induced by the 
overexpression of AβPP is due to MOS induction, by determining 
if a cell permeable form of glutathione (GSH) protected HT22 cells 
from apoptosis induced by AβPP overexpression. GSH is a tri-peptide 
antioxidant with a large cytosolic reservoir and a discrete mitochondrial 
pool that plays an essential role in protecting these organelles from 
MOS. If MOS is substantially induced by AβPP overexpression, then 
addition of exogenous GSH should protect from cell death. As shown 
in Figure 2B, GSH afforded only partial protection from apoptosis 
induced by the overexpression of AβPP. These data suggest that AβPP 
is likely inducing some amount of MOS; however, the apoptotic 
mechanism within this system is also dependent on other factors.

AβPP induces apoptosis in an mPTP-independent manner

Based on a partial involvement of MOS in the cell death induced by 
overexpression of AβPP, we next examined the role of the mitochondrial 
permeability transition pore (mPTP). Previous studies have shown 
that MOS can induce a calcium-dependent opening of the mPTP [21]. 
Here, we used a cobalt/calcein assay, in which if the mPTP is activated, 
CoCl2 is released from the matrix of the mitochondria into the cytosol 

allowing it to react with and quench the fluorescence (green) signal of 
calcein which is localized in the cytoplasm. In our previous study, we 
showed that AβPP overexpression activates the mPTP in CHO cells 
[16]. However, in HT22 cells no significant activation of the mPTP 
was observed with AβPP overexpression (Figure 3A, right panel). 
Ionomycin was used as a positive control for mPTP opening and as 
expected, cells treated with this calcium ionophore showed substantial 
activation of the mPTP (Figure 3A, bottom panel). Quantification of 
these data confirmed that compared to DsRed2 vector transfection, 
the overexpression of AβPP failed to activate the mPTP (Figure 3B). 
To provide further evidence that the mPTP is not involved in the cell 
death induced by the overexpression of AβPP in HT22 cells, the effects 
of cyclosporine A (CsA) on cell viability were examined. CsA has 
been shown to bind to cyclophilin D and prevent mPTP opening [22]. 
Indeed, CsA failed to protect cells overexpressing AβPP from apoptosis 
compared to AβPP transfection controls which were not treated with 

Figure 3. Overexpression of AβPP does not trigger mitochondrial permeability 
transition pore (mPTP) opening in HT22 cells. A) Live cell images of HT22 cells at 
24 h post- transfection using a cobalt-calcein stain for mPTP activation. Top left panel 
shows DsRed2- empty vector transfected cells while the top right panel shows DsRed2 
-AβPP transfected cells. Bottom panel shows DsRed2 transfected cells treated with 2.5 
μM ionomycin. Arrowheads indicate transfected cells. Images are representative of all 
experiments n=4. Scale bar represents 10 microns B) Quantitative analysis of mPTP 
opening expressed as the percentage of DsRed2 positive cells which were negative for 
calcein fluorescence. Data are expressed as the mean ± SEM, n=4. ## indicates p<0.01 
compared to DsRed2, NS=not significant, as determined using one-way ANOVA with a 
post hoc Tukey’s test. C) Quantitative assessment of HT22 cell apoptosis at 24 h post-
transfection with DsRed2-empty vector, DsRed2-AβPP, or DsRed2- AβPP treated with 
10 μM cyclosporine A (CsA). Transfected cells were counted and scored as apoptotic as 
described in the legend to Figure 1B. Data are expressed as the mean ± SEM, n=3.
** indicates p<0.01 compared to DsRed 2 control, NS= not significant as determined using 
one- way ANOVA with a post hoc Tukey’s test.

Figure 2. A pan-caspase inhibitor and glutathione (GSH) each protect HT22 cells 
from apoptosis induced by AβPP. A) Quantitative assessment of HT22 cell apoptosis 
at 24 h post- transfection with DsRed2-empty vector, DsRed2-AβPP, or DsRed2-AβPP 
treated with 20 μM Q- VD. Cells were counted and scored as either having apoptotic 
nuclei (condensed or fragmented morphology) or having both apoptotic nuclei and active 
caspase-3 staining. Only transfected cells were quantified. Data are expressed as the mean 
± SEM, n=3. B) Quantitative assessment of HT22 cell apoptosis at 24 h post-transfection 
with DsRed2-empty vector, DsRed2-AβPP, or DsRed2-AβPP treated with 2 mM GSH 
monoethylester (GSH-MEE). Transfected cells were counted and scored as in (A). Data 
are expressed as the mean ± SEM, n=3. ** indicates p<0.01 compared to DsRed2, ## 
indicates p<0.01 compared to AβPP as determined using one-way ANOVA with a post 
hoc Tukey’s test.
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CsA (Figure 3C). These results demonstrate that the apoptotic cascade 
induced by the overexpression of AβPP is independent of mPTP 
activation.

The overexpression of AβPP in HT22 cells induces Bax-
dependent apoptosis

Bcl-2 associated protein X (Bax) is a pro-apoptotic protein which 
induces pore formation of the outer mitochondrial membrane in 
response to specific apoptotic stimuli [23,24]. Specifically, increased 
ROS can stimulate the activation of Bax through either direct or indirect 
mechanisms. Therefore, we investigated if the overexpression of AβPP 
led to the activation of Bax using an active conformation epitope- 
specific antibody (monoclonal 6A7). We observed a significant increase 
in active Bax in AβPP overexpressing cells that was not observed in 
DsRed2 transfected cells (Figure 4A). Treatment of DsRed2 empty 
vector-transfected cells with staurosporine, a known inducer of Bax 
mediated apoptosis, showed a similar magnitude of Bax activation as 
AβPP transfected cells (Figure 4B). Finally, we examined the ability of 
a Bax-inhibitory peptide to protect HT22 cells from apoptosis induced 
by AβPP overexpression. In AβPP transfected cells, the Bax-inhibitory 
peptide afforded significant protection from apoptosis, compared to 
a negative control peptide (Figure 4C). Overall, these data indicate 
that the apoptotic mechanism induced by AβPP overexpression is 
dependent on the activation of Bax.

The apoptotic pathway induced by AβPP occurs in the absence 
of its proteolytic processing

Amyloid-beta fragments, the AβPP intracellular domain (AICD), 
or full length AβPP, are each hypothesized to cause AD pathology; 
however, there are disagreements as to which is primarily responsible 
for neuronal cell death. To determine which of these was responsible 
for the HT22 cell apoptosis induced by the overexpression of AβPP, 
gamma and beta secretase inhibitors were used. Surprisingly, we 
observed no protection from apoptosis with inhibitors of either 
gamma or beta secretase in AβPP overexpressing cells (Figure 5A). 
This suggests that Aβ and AICD fragments do not play a significant 
role in mediating the observed cell death in this system. To support 
this conclusion, we examined full length AβPP protein levels in cells 
treated with or without the secretase inhibitors and observed little-to- 
no change in the amount of full length DsRed2-AβPP protein levels 
(Figure 5B). In addition, we treated AβPP- transfected HT22 cells with 
the gamma and beta secretase inhibitors and then performed western 
blots for C - terminal fragments, as well as an ELISA for human Aβ1-42 
(Invitrogen). In these experiments we were unable to detect either C- 
terminal fragments (C83/C99) or Aβ1-42 (data not shown), suggesting 
that either the HT22 cells do not generate detectable quantities of these 
peptides following transfection with WT AβPP or due to the relatively 
low transfection efficiency (~20%), we are simply unable to detect these 
peptides from cell lysates.

Finally, we compared the mechanism of AβPP-induced apoptosis 
in HT22 cells to that of cell death induced by Aβ1-42 overexpression. 
In the current study, we observed that HT22 cells overexpressing WT 
AβPP were completely protected by the pan-caspase inhibitor Q-VD 
and significantly, but only partially, protected by GSH-MEE (Figure 2). 
In contrast, HT22 cells transfected with Aβ1-42 (cloned into the pIRES2 
DsRed-Express 2 bicistronic vector) underwent marked cell death that 
was not significantly attenuated by Q-VD but which was completely 
protected against by GSH-MEE (Table 1). These stark differences in 
the apparent mechanism of cell death induced by overexpression of full 
length WT AβPP versus Aβ1-42 peptide suggest that the toxic effects 

observed in this cell system with the full length molecule do indeed 
occur independently of its proteolytic processing to toxic fragments 
like Aβ1-42. However, we cannot completely rule out the possible toxic 
contribution(s) of some other fragment(s) that we cannot detect by 
western blotting or ELISA.

AβPP localizes to mitochondrial-enriched fractions of HT22 
cells

An increasing body of literature has shown that in both cell culture 
and brain tissue from AD patients, a significant amount of AβPP 
localizes to the mitochondria [15,25]. Consistent with these previous 

Figure 4. AβPP-induced apoptosis of HT22 cells is Bax-dependent. A) HT22 cells at 24 h 
post-transfection with DsRed2 treated with 100 nM staurosporine (left) and DsRed2-AβPP 
(right). Top panels show fluorescence for DsRed2 (red), active Bax (green) and Hoechst 
stain (blue). Arrowheads indicate transfected cells with active Bax staining (yellow). 
Bottom panels are decolorized Hoechst fluorescence to show nuclear morphology. n=3, 
scale bar represent s 10 microns. B) Quantitative assessment of active Bax staining at 24 
h post-transfection with DsRed2- AβPP or DsRed2 treated with 100 nM staurosporine. 
Transfected cells were counted as having active Bax staining. Data are shown as mean 
+/- SEM, n=3. ** indicates p<0.01 compared to DsRed2 control as determined using a 
one-way ANOVA with post hoc Tukey’s test. C). Quantitative assessment of apoptosis at 
24 h post-transfection with DsRed-2 empty vector, DsRed2-AβPP, DsRed2-AβPP treated 
with 150 μM Bax inhibitor or DsRed-2 AβPP treated with 150 μM negative control Bax 
inhibitor. Transfected cells were counted and scored as apoptotic as described in the legend 
to Figure 1B. Data are shown as mean ± SEM, n=3. ** indicates p<0.01 compared to 
DsRed2 control, * indicates p<0.05 compared to DsRed2-AβPP, NS=not significant as 
determined using a one-way ANOVA with post hoc Tukey’s test.
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Figure 6. Overexpressed DsRed2-AβPP shows a punctate distribution indicative of its 
localization to mitochondria. A) HT22 cells at 24 h post-transfection with either DsRed2- 
empty vector or DsRed2-AβPP. Panels show fluorescence of DsRed2 (red) and Hoechst 
stain (blue). Right panels show 3X magnification of images from the boxed area in right 
panels. Arrowhead indicates the punctate nature of DsRed2-AβPP localization. Scale bar 
represents 10 microns. B) Western blot analysis of mitochondrial/ cytosolic fractionation of 
HT22 cells at 24 h post- transfection with DsRed2-AβPP. Top blot shows AβPP. Cytosolic 
fraction (Cyto) is shown on the left and mitochondrial fraction (Mito) is shown on the right. 
Bottom blot of OPA1 is to shown to indicate enrichment of mitochondrial fractionation.

findings, we observed punctate localization of DsRed2 fluorescence 
specifically in AβPP overexpressing cells (Figure 6A).

Upon immunoblotting cellular fractions from AβPP transfected 
cells, it was found that AβPP localized substantially to the 
mitochondrial-enriched fraction as opposed to the cytosolic fraction 
(Figure 6B). OPA1, a mitochondrial protein indicates pure subcellular 
fractions.

Localization of AβPP to mitochondria is required for its 
induction of apoptosis

In order to determine if AβPP was inducing apoptosis in a 
mitochondrial-dependent manner, the three positive residues 
indicated in Figure 7A, were mutated via site-directed mutagenesis into 
uncharged amino acids. These particular mutations have previously 
been shown to prevent the mitochondrial localization of AβPP [15]. 
Indeed, compared to AβPP, the 3 residue mutant of AβPP (AβPP 3M) 
failed to localize to mitochondrial- enriched fractions in HT22 cells 

(Figure 7B). Neither AβPP nor AβPP 3M were observed in cytosolic 
fractions, however both were found in plasma membrane fractions. 
In addition, it has been previously shown that both AβPP and the 
3M mutant AβPP are secreted into the extracellular space from cells 
[15]. Cox-IV, GAPDH, and Na/K ATPase are shown to indicate pure 
subcellular fractions (Figure 7B). Finally, HT22 cells overexpressing 
AβPP displayed increased indices of apoptosis, as shown in previous 
figures; however, the overexpression of AβPP 3M caused no significant 
induction of apoptosis compared to DsRed2 control overexpression 
(Figure 7C). These data show that the apoptotic mechanism employed 
by the overexpression of AβPP is strictly dependent on its localization 
to mitochondria.

Functional mitochondria are required for AβPP to induce 
apoptosis in the SH-SY5Y neuroblastoma cell line

Several cell lines devoid of mitochondrial DNA have been developed 
and are termed rho zero (ρ0) cell lines. While most mitochondrial 
genes are coded for within the nucleus, several components of the 
ETC remain genetically encoded within the mitochondrial matrix. 
Therefore, ρ0 cell lines lack functional electron transport while 
mitochondrial membranes are still present. Here, we used an SH-SY5Y 
ρ0 cell line in comparison with an SH-SY5Y ρ+ cell line to determine 
if the mechanism of AβPP-induced apoptosis at mitochondria is 
dependent on a functional ETC. First, we observed that the localization 
of AβPP was mitochondrial in both ρ+ and ρ0 cell lines (Figure 8A-
C). This is indicated by both punctuate DsRed2 fluorescence (Figure 
8A) and immunoblots of subcellular fractions. Cox-IV and GAPDH 
immunoblots demonstrate pure subcellular fractions (Figures 8B,C). 

Figure 5. β- and γ- secretase inhibitors have no effect on HT22 cell apoptosis induced 
by AβPP. A) Quantitative assessment of HT22 cell apoptosis at 24 h post-transfection with 
DsRed2-empty vector, DsRed2- AβPP, DsRed2-AβPP treated with 250 nM β-secretase 
inhibitor, or DsRed2-AβPP treated with 500 nM γ-secretase inhibitor. Transfected cells 
were counted and scored as apoptotic as described in the legend to Figure 1B. Data are 
expressed as the mean ± SEM, n=3. ** indicates p<0.01 compared to DsRed2-control, 
NS=not significant, as determined using one-way ANOVA with a post hoc Tukey’s test. 
B) Western blot analysis of HT22 whole cell lysates after 24 h DsRed2 AβPP transfection 
Con or treated with β-secretase inhibitor (+β- Inh) or γ-secretase inhibitor (+γ-Inh). Top 
blot shows AβPP. Bottom blot shows β-tubulin loading control, n=3. Densitometry of AβPP 
band density normalized to β-tubulin band density is shown with the AβPP control being 
set to 1.0.

*Significantly different from DsRed control (p<0.05; one way ANOVA with post hoc 
Tukey’s test)
#Significantly different from Aβ42 control (p<0.05; one way ANOVA with post hoc Tukey’s test)

Table 1. Effects of Q-VD and GSH-MEE on HT22 cell death induced by Aβ42

Treatment % Apoptosis (mean±SEM; n=3 
experiments, each in duplicate)        

pIRES2 DsRed 22±5%
pIRES2 DsRed/Aβ42 48±6%*

Aβ42+Q-VD 37±7%
Aβ42+GSH-MEE 18±4%#
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Figure 8. Overexpression of AβPP does not induce apoptosis of mitochondrial DNA- 
deficient ρ0 SH-SY5Y neuroblastoma cells. A) SH-SY5Y ρ0 or ρ+ cells at 24 h post- 
transfection with either DsRed2-empty vector or DsRed2-AβPP. Panels show fluorescence 
of DsRed2 (red) and Hoechst stain (blue). Scale bar represents 10 microns. B) Western 
blot analysis of mitochondrial/ cytosolic fractionation of SH-SY5Y ρ+ cells at 24 h post-
transfection with DsRed2-empty vector or DsRed2-AβPP. Cox-IV and GAPDH blots 
indicate pure mitochondrial and cytosolic fractions, respectively. C) Western blot analysis 
of mitochondrial/ cytosolic fractionation of SH-SY5Y ρ0 cells at 24 h post-transfection 
with DsRed2-empty vector or DsRed2-AβPP. Cox-IV and GAPDH blots indicate pure 
mitochondrial and cytosolic fractions, respectively. D). Quantitative assessment of SH-
SY5Y ρ0 and ρ+ cell apoptosis at 24 h post- transfection with DsRed2-empty vector or 
DsRed2-AβPP. Transfected cells were counted and scored as apoptotic as described in the 
legend to Figure 1B. Data are expressed as the mean ± SEM, n=3. 
** indicates p<0.01 compared to DsRed2, NS=not significant, as determined using one-way 
ANOVA with a post hoc Tukey’s test.

Furthermore, the overexpression of AβPP induced a significant increase 
in apoptosis compared to DsRed2 transfection in the ρ+ cell line, while 
no discernible difference in apoptosis between DsRed2 and AβPP 
overexpression was observed in the ρ0 cell line (Figure 8D). These results 
indicate that the apoptotic mechanism induced by AβPP overexpression 
requires a functional ETC at the level of the mitochondria.

Discussion
The amyloid cascade hypothesis states that the proteolytic 

processing of AβPP into Aβ fragments is the underlying cause in 
the pathogenesis of AD [26]. While it has been well documented 
that Aβ fragments induce cell death both in vitro and in vivo, there 
is emerging evidence that AβPP and its intracellular domain (AICD) 
may also contribute to AD pathogenesis [16-19,27,28]. In this study, 
the overexpression of AβPP in a mouse hippocampal cell line induced 
a caspase-dependent and Bax-mediated apoptotic pathway which 
appeared to be largely independent of AβPP processing. Therefore, our 
data are consistent with the emerging hypothesis that AβPP may also 
contribute to the pathogenic mechanism in AD.

While mutations in AβPP and/or presenilins, which enhance 
amyloidogenic processing and production of Aβ peptides, underlie the 
onset and progression of familial AD, sporadic AD fails to recapitulate 
these genetic mutations yet shares many attributes of the disease 
phenotype [29-32]. This suggests that other factors besides increased 
Aβ production contribute to the pathogenesis of sporadic AD. In this 
context, patients with Down Syndrome typically develop early onset 
AD that is most often attributed to expressing an extra copy of the AβPP 
gene which is localized to chromosome 21 [33-36]. The overexpression 
of AβPP has been shown to induce neuronal apoptosis in a variety 
of in vitro and in vivo models [16-19,37]. For example, Simón, et al. 
(2009) [19] observed that the overexpression of WT AβPP in mice led 
to memory deficits and hippocampal neurodegeneration which were 
independent of Aβ accumulation. On the other hand, mutant AβPP 
expressing mice displayed high levels of Aβ in hippocampus, but 

Figure 7. An AβPP mutant that cannot localize to mitochondria (AβPP 3M) fails to 
induce apoptosis in HT22 cells. A) Schematic displaying the site directed mutagenrsis 
completed to generate AβPP 3M. Base pair and amino acid changes are reflected in different 
types of shades. AβPP and AβPP 3M sequences are shown. B) Western blot analysis of 
mitochondrial/cytosolic and plasma membrane/cytosolic fractionations of HT22 cells at 
24 h post-transfection with DsRed2-empty vector, DsRed2-AβPP, or DsRed2- AβPP 3M. 
Cox-IV, GAPDH and Na/K ATPase blots indicate the relative purity of the mitochondrial, 
cytoplasmic and plasma membrane fractions, respectively. C) Quantitative assessment of 
HT22 cell apoptosis at 24 h post-transfection with DsRed2-empty vector, DsRed2-AβPP, 
or DsRed2- AβPP 3M. Transfected cells were counted and scored as apoptotic as described 
in the legend to Figure 1B. Data are expressed as the mean ± SEM, n=3. * indicates p<0.05 
compared to DsRed2, **indicates p<0.01 compared to DsRed2, NS=not significant, as 
determined using one-way ANOVA with a post hoc Tukey’s test.
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they failed to show overt evidence of neuronal degeneration in the 
hippocampus [19]. Our current study in undifferentiated HT22 cells is 
in agreement with both in vitro and in vivo observations demonstrating 
that AβPP overexpression can lead to neuronal cell death due to 
apoptosis. Moreover, in additional experiments we observed that 
overexpression of WT AβPP similarly induced greater than 50% 
apoptosis in HT22 cells which underwent a differentiation protocol 
prior to transfection (data not shown), indicating that the effects 
documented in the present study are not restricted to undifferentiated 
cell lines [38]. Thus, although AβPP undoubtedly has important 
physiological functions, in cases where it is overexpressed (e.g., WT 
AβPP transgenic mice or Down Syndrome), aberrantly high levels of 
AβPP may contribute to neurotoxicity.

The activation of intrinsic apoptosis culminates in the 
permeabilization of the outer mitochondrial membrane allowing 
for the release of pro-apoptotic factors such as cytochrome c. Two 
mechanisms could allow for the permeabilization of the outer 
mitochondrial membrane, the first being the activation of the mPTP. 
Controversy remains about the exact components of the mPTP, but it 
is largely accepted that VDAC, ANT, and cyclophilin D are required for 
its activation [39]. Here, we show that the overexpression of AβPP in 
HT22 cells does not induce apoptosis in an mPTP-dependent manner. 
Therefore, we examined the second mechanism typically responsible 
for outer mitochondrial membrane permeabilization, activation of the 
pro-apoptotic protein Bax. Previous studies have shown that Bax has 
the ability to form pores within lipid membranes and can trigger the 
release of cytochrome c from isolated mitochondria [40,41]. Our data 
indicate that Bax plays an essential role in the induction of apoptosis 
caused by the overexpression of AβPP.

Oxidative stress plays a major role in both aging and AD, and 
the strongest identified risk factor for AD is increased age [42-44]. 
Indices of oxidative stress-induced damage have been observed in both 
aging individuals and AD patients. Therefore, if AβPP plays a critical 
role in the neuronal cell death underlying AD, then oxidative stress 
should be a component of the cell death mechanism induced by its 
overexpression. To determine if oxidative stress was a contribut ing 
factor in our model, HT22 cells were treated with a cell-permeable 
ester of GSH. We observed significant protection with the addition of 
GSH from apoptosis induced by AβPP overexpression; however, only 
partial attenuation of cell death occurred. Therefore, while oxidative 
stress does appear to contribute to the apoptotic mechanism of AβPP 
overexpression within this cell system, additional factors must also be 
involved.

Mitochondrial abnormalities in AD are supported by numerous 
lines of evidence. Deficiencies in ETC complexes, mitochondrial DNA 
perturbations, and MOS have all been observed in AD patients as 
well as in vitro and in vivo models of this disease [3-8,45]. Previous 
studies have shown that AβPP localizes to mitochondria and therefore, 
we examined if this localization was required for apoptosis induced 
by AβPP overexpression [15]. Here, we used a triple mutant of AβPP 
(mutations within the acidic domain) that lacked the ability to localize 
to mitochondria, but which retained its localization to the plasma 
membrane. Interestingly, overexpression of this mutant failed to 
induce apoptosis within the HT22 cell line. These data indicate that 
the mitochondrial localization of AβPP is required for its induction 
of apoptosis within this system, but they do not directly implicate 
mitochondrial respiratory function in the mechanism of AβPP- 
induced apoptosis.

Therefore, we next examined the contribution of the ETC to the 
apoptotic mechanism of AβPP overexpression. To test if the ETC 
was a required component of the apoptotic pathway, we employed a 
cell system which is devoid of mitochondrial DNA known as ρ0 cells. 
Without mitochondrial DNA, the proper function of the ETC cannot 
occur because certain genetic components of Complexes I, III, IV and 
V are encoded within the mitochondrial genome [46]. Therefore, the 
ρ0 cells depend exclusively on glycolysis for ATP production. Our data 
show that overexpression of AβPP in the SH-SY5Y ρ0 cell line did 
not induce apoptosis, while its overexpression in an SH- SY5Y ρ+ cell 
line led to a significant induction of apoptosis. It could be argued that 
because ρ0 cell lines depend on glycolysis for ATP production, lower 
sustained ATP levels might prevent apoptosome formation which 
is required for intrinsic apoptosis. However, other insults such as 
staurosporine and H2O2 have the ability to induce apoptosis within ρ0 
cells [47,48]. Therefore, ρ0 cells retain the ability to undergo apoptosis, 
so we can conclude that mitochondrial localization and a functional 
ETC are required for AβPP to induce apoptosis within this system.

Several models exist by which AβPP could lead to apoptosis 
in a mitochondrial dependent manner. First, AβPP localized 
to mitochondria has been shown to have a high affinity for the 
mitochondrial translocases (TOM and TIM) where AβPP could induce 
the disruption of mitochondrial protein import and failure of ETC 
function [25]. Prolonged failure of mitochondrial protein import could 
lead to mitochondrial dysfunction, MOS, and apoptosis. Second, AβPP 
could also exert pro-apoptotic effects at the level of the mitochondria 
through its observed interaction with the pro-survival protein Bcl-2 
[49]. Beyond its anti- apoptotic functions, Bcl-2 has also been shown 
to be a GSH-binding protein and to contribute to the regulation of 
mitochondrial GSH transport [20,50]. If the interaction between Bcl-2 
and AβPP leads to an inhibitory effect on the antioxidant-like functions 
of Bcl-2, then mitochondrial GSH depletion might be induced which 
would result in organelle damage and decreased function of the 
ETC. The inhibitory effects of AβPP on Bcl-2 would culminate in 
mitochondrial dysfunction, MOS, and apoptosis. Therefore, the 
potential toxic effects of AβPP at the level of the mitochondria could 
be executed via two distinct but not mutually exclusive, mechanisms. 
While our data do not conflict with either of these hypotheses, the 
observation that a functional ETC is necessary for AβPP to induce 
mitochondrial apoptosis indicates that deficits in protein import which 
are toxic to mitochondria likely involve additional proteins beyond 
ETC components.

In summary, our findings demonstrate that AβPP overexpression 
induces intrinsic apoptosis in HT22 cells via a Bax-dependent 
mechanism. We observed substantial differences in the apparent 
mechanism of cell death induced by overexpression of full length 
WT AβPP versus Aβ1-42 peptide, suggesting that the toxic effects 
caused in this cell system by the full length molecule likely occurs 
independently of its proteolytic processing to toxic fragments like 
Aβ1-42. Furthermore, the apoptotic mechanism of AβPP is not only 
dependent on its localization to mitochondria, but it also requires 
a functional ETC. These data suggest that the full length AβPP 
molecule, acting specifically at the level of the mitochondria, should be 
considered a likely contributor to the hippocampal neuronal cell death 
that underlies the pathogenesis of AD.
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