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Abstract Amyloid precursor protein (APP) is cleaved by a
set of proteases including α-/β-/γ- and recently identified η-
secretases, generating C-terminal fragments (CTFs) of vary-
ing lengths and amyloid β (Aβ) peptides, which are consid-
ered to play a pivotal role in Alzheimer’s disease (AD) path-
ogenesis. Cellular cholesterol content/distribution can regulate
the production/clearance of APP metabolites and hence mod-
ify AD pathology. To determine the functional relation be-
tween endosomal-lysosomal (EL) cholesterol sequestration
and APP metabolism, we used our recently developed mouse
N2a-ANPC cells that overexpress Swedish mutant human
APP in the absence of cholesterol-trafficking Niemann-Pick
type C1 (Npc1) protein. Here, we report that neither increased
levels nor EL cholesterol sequestration altered APP

holoprotein levels but caused the intracellular accumulation
of APP α-/β-/η-CTFs and Aβ1–40/42 peptides. The levels of
APP-cleaved products increased as a function of extracellular
serum concentration in N2a-ANPC cells, which are more vul-
nerable to death than the control cells. Additionally, we show
that pH of the lysosomal vesicles in N2a-ANPC cells shifted
to a less acidic range with increasing serum concentrations,
thus making them less efficient functionally. Interestingly, the
addition of cholesterol to the culture media not only increased
the levels of cellular cholesterol and APP-cleaved products
but also rendered the cells more vulnerable to toxicity.
Collectively, our results suggest that extracellular cholesterol
concentration in serum under conditions of Npc1 deficiency
can influence intracellular cholesterol content/distribution and
lysosomal efficacy, triggering the accumulation of toxic APP-
cleaved products, eventually leading to cell death.
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Introduction

The amyloid precursor protein (APP) plays a central role in
the pathogenesis of Alzheimer’s disease (AD), the most
common cause of dementia affecting the elderly population
worldwide. The importance of APP in AD pathogenesis
relates predominantly to its role as the precursor to the po-
tentially cytotoxic amyloid β (Aβ) peptides, one of the
molecular hallmarks of AD pathology. Mature APP is usu-
ally processed by either non-amyloidogenic α-secretase or
amyloidogenic β-secretase pathway [1, 2]. The α-secretase
cleavage of APP releases the soluble APPα ectodomain,
and the remaining C-terminal fragment (α-CTF) is further
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processed by γ-secretase to generate Aβ17–40/Aβ17–42 frag-
ments. Alternatively, β-secretase cleavage of APP gener-
ates soluble APPβ and an Aβ-containing C-terminal frag-
ment (β-CTF), which is then processed via the same γ-
secretase to yield full-length Aβ1–40/Aβ1–42. In addition
to this canonical APP processing via α- and β-secretases,
APP has recently been reported to be processed by
membrane-type 5-matrix metalloproteinases (MT5-MMP),
called η-secretase, to generate η-CTF. The η-CTF is subse-
quently cleaved by a disintegrin and metalloproteinase 10
(ADAM10) or β-site APP cleaving enzyme (BACE1) to
generate Aη-α or Aη-β peptides, respectively [3, 4].
Although Aη-α can inhibit long-term potentiation and the
η-CTF fragment is found to be enriched in dystrophic
neurites in animal models as well as human AD brains
[3–5], the potential role of CTFs generated by η-secretase
in AD pathogenesis remains unclear.

Earlier studies have reported that cholesterol and other
lipids can influence the production of APP-cleaved products
by regulatingα-/β-secretase processing pathways [6–8]. This,
however, depends not exclusively on the total cellular levels
of cholesterol/lipids but also on their subcellular distribution
within the cell [9]. Recently, we reported that mouse neuro-
blastoma cells (N2a-ANPC) that overexpress mutant human
APP in the absence of intracellular sterol trafficking protein
Niemann-Pick type C1 (Npc1) can lead to cholesterol accu-
mulation within the endosomal-lysosomal (EL) compart-
ments, one of the major sites involved in APP metabolism
[10]. These cells exhibit increased levels of APP-CTFs (i.e.,
α-CTF and β-CTF) as well as Aβ peptides without any alter-
ations in the levels of APP holoprotein. At present, no infor-
mation is available whether cholesterol sequestration within
EL system can influence APP processing via the η-secretase
pathway. Additionally, it remains unclear if culture media
containing variable concentrations of fetal bovine serum
(FBS) that regulates extracellular cholesterol and lipid
levels can have an influence on APP processing. Thus, the
present study, using cultured N2a-ANPC and the control
N2a-APP cells, examined not only the effect of varying
concentrations of FBS on APP processing but also the role
of cholesterol in the generation of η-CTF to further under-
stand the potential link between EL cholesterol sequestra-
tion and APP metabolism.

Method

Reagents NuPAGE 4–12% Bis-Tris gels, Alexa Fluor 488-
conjugated secondary antibody, LysoSensor Yellow/Blue
DND-160, ProLong Gold anti-fade reagent, and ELISA kits
for the detection of human Aβ1–40 and Aβ1–42, were purchased
from Life Technologies (Burlington, ON, Canada). The
bicinchoninic acid protein assay (BCA) kit, Amplex red

cholesterol assay kit, and enhanced chemiluminescence kit
were from ThermoFisher Scientific Inc. (Nepean, ON,
Canada). Anti-APP C-terminal antibody (clone Y188) was pur-
chased from Abcam while the anti-β-actin antibody, chloro-
quine, water soluble cholesterol, and filipin were obtained from
Sigma-Aldrich, Co. (Oakville, ON, Canada). LAMP1 (clone
ID4B) antibody was obtained from Developmental studies
Hybridoma Bank, University of Iowa, USA, and the polyclonal
NTG449 antibody was generated in our lab against a fusion
protein corresponding to the ectodomain residues 306–600 of
human APP 695 isoform. Horseradish peroxidase-conjugated
secondary antibodies and Npc1/scramble shRNA lentiviral par-
ticles were from Santa Cruz Biotechnology (Paso Robles, CA,
USA). All other chemicals were from Sigma-Aldrich,
ThermoFisher Scientific, or Life Technologies, Corp.
(Burlington, ON, Canada).

Cell Culture Mouse N2a cells stably overexpressing the hu-
man Swedish mutant (K670N, M671L) APP (N2aAPPsw,
clone Swe.10) were maintained in N2a growth medium [11].
The amount of Npc1 protein was reduced in N2aAPPsw cells
(referred as N2a-ANPC) bymRNA silencing with lentiviruses
expressing Npc1 shRNA and subjected to puromycin selec-
tion according to the manufacturer’s instructions (Santa Cruz
Biotechnology) [10]. The controls, N2aAPPsw cells, were
transduced with lentiviruses shRNA encoding a scrambled
sequence (referred as N2a-APP). Clones stably expressing
the shRNAs were maintained in N2a growth medium contain-
ing puromycin (5 μg/ml). The cells were grown to 70%
confluency in complete medium, rinsed in phosphate-
buffered saline (PBS), and then incubated for 24 h under the
following three different medium conditions prior to harvest-
ing: (i) Opti-MEM® I without any serum supplementation,
(ii) Opti-MEM® I containing 5% FBS, and (iii) Opti-
MEM® I with 10% FBS. In a separate series of experiments,
cultured cells after maintenance in complete medium were
exposed to 0% FBS in the presence or absence of different
concentrations (25 and 50 μM) of cholesterol as described
recently [12]. After 36 h incubation, cultured N2a-APP and
N2a-ANPC cells were harvested for further processing.

Filipin Staining and Fluorescence Microscopy N2a-APP
and N2a-ANPC cells grown on coverslips were fixed with
4% paraformaldehyde and processed for immunocytochemis-
try as described earlier [10]. Briefly, fixed cells on coverslips
were incubated overnight at 4 °C with anti-LAMP1 (1:500)
antibody and subsequently labeled with Alexa Fluor 488-
conjugated secondary antibody for 2 h at room temperature.
For visualization of unesterified cholesterol, immunolabeled
cells were incubated with 25 μg/ml of filipin in PBS for
30 min in the dark under agitation. Coverslips were finally
washed with PBS and mounted in ProLong Gold anti-fade
reagent. Filipin-stained cells were examined at UV excitation
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around 360 nm and emission around 480 nm and imaged
using a Zeiss multiphoton confocal laser scanning microscope
(LSM510, Carl Zeiss, Inc.) equipped with a × 63 Plan-
apochromatic oil-immersion lens.

Cholesterol Assay N2a-APP and N2a-ANPC cells cultured
under different FBS conditions, as mentioned above, were
homogenized in PBS and centrifuged at 10,000×g for
10 min. Supernatants were collected and protein concentra-
tions were estimated using BCA method. Total cholesterol
levels were determined using an Amplex red cholesterol
assay kit according to the manufacturer’s instructions.
Fluorescence was measured using a SpectraMax M5 plate
reader (Sunnyvale, CA, USA) at excitation/emission wave-
lengths of 560/590 nm. In parallel, N2a-APP and N2a-
ANPC cells cultured with 0 and 10% FBS or following
supplementation with extracellular cholesterol for 36 h
were homogenized and mass of cholesterol was determined
using gas-liquid chromatography as described earlier [13,
14]. All samples were assayed in duplicate and each exper-
iment was repeated three times.

Western Blotting Cells cultured under various FBS con-
centrations as well as in the presence or absence of extra-
cellular cholesterol were homogenized in ice-cold
radioimmunoprecipitation (RIPA) lysis buffer. Proteins
(15 μg) were separated on NuPAGE 4–12% Bis-Tris gels,
transferred to polyvinylidene difluoride membranes, then
incubated overnight at 4 °C with anti-APP C-terminal an-
tibody (clone Y188, dilution 1:5000) or anti-NTG449 an-
tibody (1:1000). The membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies
(dilution 1:5000) and immunoreactive proteins were visu-
alized using enhanced chemiluminescence. All blots were
re-probed with anti-β-actin antibody (1:5000) to monitor
equal protein loading and quantified using a MCID image
analyzer (Imaging Research, Inc., St Catherines, ON,
Canada) as described earlier [14].

ELISA for Aβ1–40 and Aβ1–42 Aβ from the cultured N2a-
APP and N2a-ANPC cells from various experimental condi-
tions were extracted by solubilization in 5 M guanidine-HCl
and 50 mM Tris-HCl (pH 8.0) for 4 h followed by centrifuga-
tion at 16,000×g for 20 min [15]. The levels of extracted
human Aβ1–40 or Aβ1–42 were measured using commercial
ELISA kits following the manufacturer’s instructions. The
OD value was converted to picograms per milliliter according
to a standard curve. All samples were assayed in duplicate and
each experiment was repeated three times.

Flow Cytometry N2a-APP and N2a-ANPC cells following
different experimental paradigms were incubated with
LysoSensor Yellow/Blue DND-160 (1 μM) for 30 min,

washed in PBS, and analyzed using LSR-Fortessa Flow
Cytometer (BD Biosciences). The two detectors had 450/
50 nm and 530/30 nm filters with excitation of 355 nm (20-
mW UV laser). Data were analyzed using FCS Express 4
Flow Cytometry software (De Novo Software, Los Angeles,
CA, USA).

Cell Viability Viability of N2a-APP and N2a-ANPC cells
cultured under various FBS concentrations as well as in the
presence or absence of extracellular cholesterol supplement
was determined using the colorimetric MTT [3-(4,5-
dimethylthiozolyl)-2,5-diphenyl-tetrazolium bromide] assay
as described earlier [10]. Briefly, cells grown in different FBS
conditions/cholesterol supplement were treated with or without
100 μM of chloroquine for 5 h. Subsequently, they were incu-
bated with 0.25% MTT in fresh media for 3 h at 37 °C. The
reaction product was solubilized in dimethylsulfoxide andmea-
sured spectrophotometrically at 570 nm. Each experiment was
performed in quadruplet and repeated three times.

Statistical Analysis Data are expressed as means ± S.E.M.
Statistical significance was determined by one-way ANOVA
followed by Newman-Keuls post hoc analysis for multiple
comparisons or unpaired two-tailed Student’s t test for single
comparison with a significance threshold of p < 0.05. All
analyses were performed using GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

The Influence of FBS Concentrations on APP Processing
in N2a-ANPC Cells As reported earlier [10], reducing Npc1
protein expression sequestered filipin-labeled unesterified
cholesterol in LAMP1-positive lysosomes in N2a-ANPC cells
compared to the control N2a-APP cells (Fig. 1a). To deter-
mine the influence of extracellular serum concentration on
APP metabolism in Npc1-deficient cells, N2a-APP and N2a-
ANPC cells were cultured in N2a growth medium containing
5% FBS and then treated with three different FBS concentra-
tions (0, 5, and 10%) in Opti-MEM for 24 h. Our results
clearly showed that cellular cholesterol levels, as detected by
Amplex Red cholesterol assay kit, were not altered in N2a-
ANPC cells compared to N2a-APP cells at 0% FBS but were
significantly increased at 5 and 10% FBS conditions (Fig. 1b).
APP holoprotein levels were also not affected either in N2a-
APP or N2a-ANPC cells following incubation with variable
concentrations of FBS (Fig. 2a, b). The levels of α-CTF and
β-CTF were, however, significantly higher in N2a-ANPC
cells than N2a-APP cells at 5 and 10% FBS conditions.
Interestingly, cells maintained in Opti-MEM without any
FBS supplementation (0% FBS) for 24 h showed no signifi-
cant difference in the levels of α-CTF or β-CTF in N2a-
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ANPC cells compared to N2a-APP cells (Fig. 2a, c, d).
Similar to α-CTF and β-CTF, the steady state levels of η-
CTF, detected by Y188 antibody, markedly increased follow-
ing intracellular cholesterol sequestration in N2a-ANPC cells
compared to N2a-APP cells cultured in 5 and 10% FBS con-
ditions but not in 0% FBS (Fig. 2a, e). The identity of η-CTF
is substantiated with our NTG-449 antibody that is raised
against a fusion protein corresponding to the ectodomain res-
idues 306–600 of human APP695. Additionally, the intracel-
lular levels of human Aβ1–40 and Aβ1–42 were also signifi-
cantly enhanced in N2a-ANPC as compared with N2a-APP
cells when the cells were incubated with 5 and 10% FBS, but
not in serum-free Opti-MEM. Moreover, intracellular Aβ1–40

and Aβ1–42 levels were found to increase as a function of
increasing serum concentration between 0 and 10% FBS in
N2a-ANPC cells (Fig. 2f, g). Taken together, these results
suggest that intracellular accumulation of APP-cleaved prod-
ucts in Npc1-deficient cells could possibly be a function of
extracellular serum supplementation.

Influence of FBS Supplementation on Cell Metabolic
Functions Multiple lines of experimental evidence suggest
that EL system plays a critical role in APP metabolism [1,
2]. The acidic environment of the EL system is suitable for
various enzymes regulating production/clearance of Aβ-
related peptides [1, 16, 17]. Any alteration in its pH may
influence the activity of the enzymes regulating APP metab-
olism. To determine if variable FBS concentrations in the
media can have a role in regulating lysosomal pH in Npc1-
deficient cells, we stained N2a-APP and N2a-ANPC cells

with the ratiometric probe LysoSensor Yellow/Blue DND-
160, which produces yellow fluorescence in acidic organelles
and blue fluorescence in less acidic organelles. Since
LysoSensor Yellow/Blue DND-160 exhibit fluorescence in
both yellow and blue range, we measured the pH of the ves-
icles of N2a-APP and N2a-ANPC cells by dividing the inten-
sity of yellow by that of the blue channel obtained using a
LSR-Fortessa Flow Cytometer. Our ratiometric analyses of
the two cell lines cultured in different FBS concentrations
(Fig. 3a–g) clearly showed that the intracellular acidic milieu
is less evident in N2a-ANPC cells than in N2a-APP cells at
both 5 and 10% FBS concentrations despite an overall in-
crease in both yellow and blue fluorescence intensities (Fig.
3b–g). However, serum starvation for 24 h did not show any
significant difference in yellow and blue fluorescence intensi-
ties between the cell lines (Fig. 3a, b, g). Additionally, to
establish if the cellular cholesterol level/sequestration follow-
ing extracellular serum supplementation can affect cell viabil-
ity, we treated N2a-APP and N2a-ANPC cells with chloro-
quine, a lysosomotropic agent that induces cell death by neu-
tralizing lysosomal pH. Interestingly, consistent with the ac-
cumulation of CTFs and Aβ peptides, N2a-ANPC cells were
found to be significantly more vulnerable to chloroquine-
induced toxicity at 5 and 10% FBS, but not at 0% FBS, as
compared with N2a-APP cells (Fig. 3h).

Effects of Cholesterol Supplementation on APP
Metabolism and Cell Viability FBS contains numerous
lipids including cholesterol, which has previously been linked
to APP processing [7, 18, 19]. A recent study reported that

Fig. 1 FBS and cholesterol: a Fluorescence photomicrographs showing
the sequestration of filipin-labeled unesterified cholesterol in LAMP1-
positive lysosomes in Npc1-deficient N2a-ANPC cells (lower panel)
cultured in 5% FBS. N2a-APP cells (upper panel) expressing normal
levels of Npc1 protein show only a diffuse labeling with filipin. b

Histograms depicting cellular levels of cholesterol, as detected by
Amplex red cholesterol assay kit, in N2a-APP (gray) and N2a-ANPC
(black) cells in the presence of increasing FBS concentrations. Values
represent means ± SEM from three independent experiments, each
performed in duplicate. *p < 0.05
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increasing concentrations of cholesterol in the culture media
can enhance the levels of APP and its cleaved products in
astrocytes [12]. In order to evaluate whether the cholesterol
component of the serum is partly responsible for the effect on
APP metabolism, we treated N2a-APP and N2a-ANPC cells
cultured with 0% FBS with either 25 or 50 μM cholesterol for
36 h. Our results clearly showed that levels of cellular choles-
terol, APP, APP-CTFs (i.e., α-/β-/η-CTFs), and Aβ1–40 pep-
tides (Fig. 4a–h) in cultured N2a-APP and N2a-ANPC cells
were enhanced following cholesterol supplement compared to

those observed in 0% FBS. Additionally, ratiometric analysis
of two cell lines revealed that intracellular acidic milieu is
somewhat less evident in N2a-ANPC cells than in N2a-APP
cells especially at 25 μM cholesterol paradigm and their vul-
nerability is reduced following exposure to chloroquine (Fig.
5a, b). These results indicate that extracellular cholesterol
present in the FBS may have a role not only in enhancing
the levels of APP and its cleaved products but also in altering
the intracellular acidic milieu as well as the vulnerability of
cells to toxicity.

Fig. 2 FBS and APP processing.
a Representative immunoblots
depicting amounts of APP
holoprotein and C-terminal
fragments (α-CTF,β-CTF, and η-
CTF) in N2a-APP and N2a-
ANPC cells cultured in N2a
growth medium for 48 h and then
treated with three different
concentrations of FBS (0, 5, and
10%) in Opti-MEM medium for
24 h. b–e Quantitation of the
amounts of APP holoprotein (b)
and APP-CTFs (c–e) in N2a-APP
(gray) and N2a-ANPC (black)
cells cultured in 0, 5, and 10%
FBS conditions for 24 h. All blots
were re-probed with a β-actin
antibody to monitor equal protein
loading. Values represent means ±
SEM of three independent
experiments, *p < 0.05. f and g
Intracellular levels of human
Aβ1–40 (f) and Aβ1–42 (g) as
detected by ELISA in N2a-APP
(gray) and N2a-ANPC (black)
cells cultured with increasing
FBS concentrations. Values
represent means ± SEM of three
independent experiments, each
performed in duplicate. *p < 0.05,
***p < 0.001
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Discussion

Using mouse neuroblastoma cells stably overexpressing mu-
tant human APP in the absence of Npc1 protein, we demon-
strate that increased cellular cholesterol level/sequestration
within EL system can enhance the intracellular levels of η-
CTF along with those of α-/β-CTFs and Aβ1–40/42 peptides.
Interestingly, the increased accumulation of APP-cleaved
products in Npc1-deficient cells occurs with increased con-
centrations of extracellular FBS. Additionally, varying the ex-
tracellular serum concentrations in Npc1-deficient cells can
affect the pH of endosomal/lysosomal vesicles, which serve
as a major site of APP metabolism and are known to be mark-
edly altered in Bat-risk^ neurons in the brains of patients with
AD [6, 20, 21].We further showed that EL cholesterol seques-
tration with extracellular serum supplementation can render

the cells vulnerable to cell death. Interestingly, direct treatment
of the Npc1-deficient cells with cholesterol in the culture me-
dia not only enhance APP metabolism and alter pH of the
intracellular vesicles but also render cells less viable to toxic-
ity—highlighting the role of cholesterol in AD-associated
neurodegenerative diseases.

Increasing evidence suggests that altered lipid metabolism,
modulation of cellular phospholipid content, or lipid asymme-
try in the plasma membrane plays a pivotal role in AD path-
ogenesis [7, 22, 23]. The critical factor by which cholesterol
influences ADmight not be limited to total cellular cholesterol
content but also to its distribution among different cellular
compartments [9]. Under normal conditions, cholesterol de-
rived from astrocytes is taken up by neurons via receptor-
mediated endocytosis and is delivered first to the EL system,
from where it is distributed to the other cellular compartments

Fig. 3 FBS and cell metabolic
activity. a–d Flow cytometric
analysis of N2a-APP and N2a-
ANPC cells stained with the
ratiometric probe LysoSensor
Yellow/Blue DND-160. Note the
overall increase in acidic yellow
(b, d) and less acidic blue (a, c)
organelles in N2a-ANPC
compared to N2a-APP cells
treated with 10% FBS (c, d) but
not with 0% FBS (a, b) for 24 h.
e, f Representative photomicro-
graphs of N2a-APP and N2a-
ANPC cells stained with the
ratiometric probe LysoSensor
Yellow/Blue DND-160. g A ratio
of yellow-to-blue intensities in
cells labeled with LysoSensor
Yellow/Blue DND160 indicating
a reduction in the intracellular
acidic milieu following EL cho-
lesterol accumulation in N2a-
ANPC compared to N2a-APP
cells cultured in 5 and 10% FBS,
but not in 0% FBS, for 24 h. h
Histogram depicting cell meta-
bolic activity as detected by MTT
assay in N2a-APP and N2a-
ANPC cells maintained in 0, 5,
and 10% of FBS for 24 h and
subsequently treated with
100 μM chloroquine for 5 h. Data
are expressed as a percentage of
no chloroquine treatment for the
respective FBS concentration and
cell line. Values represent means
± SEM from three independent
experiments, each assayed in
quadruplet. *p < 0.05, **p < 0.01,
and ***p < 0.001
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Fig. 4 Cholesterol and APP processing. a Histograms depicting cellular
levels of cholesterol, as determined by gas-liquid chromatography, in
N2a-APP and N2a-ANPC cells cultured with 0 and 10% FBS or
following exposure to 25 and 50 μM cholesterol in the medium. Values
represent percentage of respective control (i.e., 0% FBS) from three
independent experiments. b Representative immunoblots depicting
amounts of APP holoprotein and C-terminal fragments (α-CTF, β-CTF,
and η-CTF), as detected by Y188 antibody, in N2a-APP and N2a-ANPC
cells cultured with 0 and 10% FBS or following exposure to 25 and
50 μM cholesterol in the media. c–f Histograms representing
quantitation of the amounts of APP holoprotein (c) and APP-CTFs (d–
f) in N2a-APP and N2a-ANPC cells. All blots were re-probed with a β-

actin antibody tomonitor equal protein loading. Values represent means ±
SEM of three independent experiments. g Representative immunoblot
and quantification depicting amounts of η-CTF, as detected by NTG449
antibody, in N2a-APP andN2a-ANPC cells culturedwith 0 and 10% FBS
or following exposure to 25 and 50 μM cholesterol in the media. The η-
CTF blot was re-probed with a β-actin antibody to monitor equal protein
loading. Values represent means ± SEM of three independent experi-
ments. h Intracellular levels of human Aβ1–40 as detected by ELISA in
N2a-APP and N2a-ANPC cells cultured with 0 and 10% FBS or follow-
ing exposure to 25 and 50 μM cholesterol in the conditioned media.
Values represent means ± SEM of three independent experiments, each
performed in duplicate. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001
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involving Npc1/Npc2-dependent trafficking mechanisms
[24]. Deficiency of Npc1 protein in neurons does not affect
the total cellular content of cholesterol but inhibits its exit
from the late-endosomes/lysosomes and hence reduces its
availability to the other cellular compartments such as the
plasma membrane and ER [25, 26]. In this study, we show
that cholesterol sequestration within the EL system subse-
quent to Npc1 deficiency can increase the intracellular levels
of APP-CTFs and Aβ peptides in the presence of serum in the
media and can be depleted by 24 h serum starvation or in-
creased following 36 h cholesterol supplementation of the
culture media. Interestingly, our results also show that accu-
mulation of Aβ peptides in Npc1-deficient cells increases
with enhancing serum levels in the extracellular milieu and
following cholesterol supplementation. This is consistent with
a recent study which showed that increasing concentrations of
cholesterol in the culture media can not only trigger cholester-
ol accumulation but also elevate the levels of APP and its
metabolites in astrocytes [12].

Recently, it has been reported that a subset of APP un-
dergoes alternative processing by a novel η-secretase pathway
generating 25-kD CTF fragments called the η-CTFs [3, 4].
These η-CTFs, under normal conditions, are rapidly degraded
via the lysosomal machinery, specifically by cathepsin L, but
may be altered during AD pathogenesis or other neurodegen-
erative conditions characterized by lysosomal malfunction.
This is consistent with our observation that η-CTF levels were
increased in our N2a-ANPC cells compared to the control
N2a-APP cells as a function of serum concentrations.
Additionally, increasing concentrations of cholesterol were
found to increase the steady-state levels of η-CTF as revealed
by two distinct antibodies (Y1-88 and NTG449), thus indicat-
ing a critical role for cellular cholesterol in modulating η-CTF
metabolism. It is of interest to note that increased levels of η-

CTFs were also observed in our recently developed ANPC
mouse model [10, 14], specifically in brain regions severely
affected by cholesterol accumulation (unpublished data).

Several lines of evidence have suggested a role of lysosom-
al dysfunction in AD and NPC pathogenesis [21, 27].
Autophagic vacuoles, an early component of the autophagic-
lysosome degradation pathway, are known to accumulate ex-
tensively in AD brains [20, 28]. These vesicles accrue Aβ
peptides along with β-CTF and γ-secretase components, sug-
gesting a role in AD pathogenesis. Moreover, there is evi-
dence that fusion of late endosomes with lysosomes is im-
paired in cholesterol-accumulating Npc1-deficient cells [29].
Collectively, these observations suggest that lysosomal dys-
function plays a major role in both AD and NPC pathogenesis.
In line with this, the present study reveals that EL cholesterol
sequestration markedly alters the pH of the lysosomal vesicles
from an acidic to a less acidic range whichmight interfere with
the activity of the lysosomal enzymes, thereby regulating the
clearance of cellular wastes. Our results further show that the
shift towards basic pH upon intracellular cholesterol seques-
tration in Npc1-deficient cells can be modulated by extracel-
lular serum levels. These findings make it rather intriguing to
speculate that EL cholesterol sequestration can directly inter-
fere with the lysosomal degradative efficiency leading to in-
tracellular accumulation of α-, β-, and η-CTFs and Aβ pep-
tides, which can subsequently influence neurodegeneration in
AD-related pathology. Consistent with this notion, our results
show that N2a-ANPC cells accumulating APP-CTFs and Aβ
peptides are more vulnerable to cell death upon exposure to
chloroquine. This is further reinforced by the evidence that
N2a-ANPC cells cultured with increasing concentrations of
cholesterol in the culture media not only enhance APP metab-
olism but also render the cells less acidic and vulnerable to
chloroquine-induced toxicity.

Fig. 5 Cholesterol and cell metabolic activity. aA ratio of yellow-to-blue
intensities in N2a-ANPC (black) compared to N2a-APP (gray) cells la-
beled with LysoSensor Yellow/Blue DND-160 indicating a reduction in
the intracellular acidic milieu following exposure to cholesterol in the
conditioned medium. b Histogram depicting cell metabolic activity as
detected by MTT assay in N2a-APP (gray) and N2a-ANPC (black) cells

with 0 and 10% FBS or following exposure to 25 and 50 μM cholesterol
in the medium and treated with 100 μM chloroquine for 5 h. Data are
expressed as a percentage of no chloroquine treatment for the respective
condition and cell line. Values represent means ± SEM from three inde-
pendent experiments, each assayed in quadruplet. *p ≤ 0.05 and
**p ≤ 0.01
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In summary, using N2a-ANPC and N2a-APP cells as mod-
el systems, we show that increased level/sequestration of cho-
lesterol within the EL vesicles does not affect APP holoprotein
levels but triggers an accumulation of APP α-, β-, and η-
CTFs as well as Aβ1–40/42 peptides. These results also suggest
a role for EL cholesterol sequestration on η-CTF accumula-
tion. Additionally, we show that extracellular serum concen-
tration, possibly by altering the functioning of the lysosomal
clearance machinery, can influence the accumulation of APP
metabolites in the cells and render them more vulnerable to
cell death.
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