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Niemann-Pick type C disease (NPC) is characterized
by neurodegeneration secondary to impaired choles-
terol trafficking and excessive glycosphingolipid stor-
age. Abnormal cholesterol and ganglioside metabo-
lism may influence the generation and aggregation of
amyloidogenic fragments (ie, C99 and A�) from amy-
loid-� precursor protein (APP), crucial factors caus-
ing neurodegeneration in Alzheimer’s disease. To re-
veal whether abnormal accumulation and
aggregation of APP fragments also occurs in NPC, we
studied their expression in cultured cortical neurons
treated with U18666A, a compound widely used to
induce NPC defects, and also in brain tissues from
NPC patients. U18666A treatment resulted in in-
creased intraneuronal levels of C99 and insoluble
A�42, which were distributed among early and late
endosomes, in compartments distinct from where
endogenous cholesterol accumulates. Analyses of
NPC brains revealed that C99 or other APP C-terminal
fragments (APP-CTF), but not A�42, accumulated in
Purkinje cells, mainly in early endosomes. In con-
trast, in hippocampal pyramidal neurons, the major
accumulated species was A�42, in late endosomes.
Similar to what has been shown in Alzheimer’s dis-
ease, cathepsin D, a lysosomal hydrolase, was redis-
tributed to early endosomes in NPC Purkinje cells,
where it co-localized with C99/APP-CTF. Our results
suggest that endosomal abnormalities related to ab-
normal lipid trafficking in NPC may contribute to
abnormal APP processing and A�42/C99/APP-CTF
deposition. (Am J Pathol 2004, 164:975–985)

Niemann-Pick type C disease (NPC) is a fatal autosomal-
recessive lipid storage disease caused chiefly by muta-
tions within the NPC1 gene or HE1 gene. Cells that harbor
mutations in NPC1 accumulate low-density lipoprotein
(LDL)-derived cholesterol in late endosomes/lysosomes
and exhibit defects in glycolipid sorting.1,2 The major

clinical manifestations are progressive neurological de-
fects,3 characterized by cerebellar dysfunction, dystonia,
dysarthria, mental retardation, and dementia. The mech-
anism of the profound neurodegeneration is not under-
stood. Although toxicity from abnormal accumulations of
cholesterol and gangliosides has been implicated, recent
evidence has emphasized a defect in the trafficking of
late endocytic cargo. This “lipid traffic jam”4,5 may result
in membrane lipid redistribution, a change in membrane
elasticity and fluidity, and aberrant protein sorting and
processing.

Lipid metabolism and endocytic transport play essen-
tial roles in regulating the processing of amyloid-� pre-
cursor protein (APP), a transmembrane polypeptide. In
the amyloidogenic pathway, APP first undergoes proteo-
lytic cleavage by the �-secretase to generate a 99-resi-
due COOH-terminal membrane fragment called C99 that
is subsequently cleaved by �-secretase to generate 40-
residue A�40 or 42-residue A�42. The A� generated in
the endocytic pathway makes a major contribution to the
cellular A� pool.6,7 A� is the major constituent of amyloid
deposits in the Alzheimer’s disease (AD) brain. The amy-
loidogenic C99, A�40, and A�42 are prone to aggrega-
tion and are implicated in neurodegeneration. A�42,
compared to A�40, was more hydrophobic, more toxic,
and particularly prone to aggregation.8 The dominant
hypothesis regarding AD pathogenesis, the amyloid cas-
cade hypothesis,9 states that accumulation and aggre-
gation of A� triggers a pathological cascade that ulti-
mately produces the complete pathological and clinical
symptoms of AD.

Recently, we and others have demonstrated that diet-
induced hypercholesterolemia enhances deposition of
cerebral A� in APP transgenic mice.10,11 Many lines of
evidence suggest that membrane lipids modulate A�
production and its conformational changes. Cholesterol
depletion inhibits the generation of A� in hippocampal
neurons and increases the solubility of A�.12 Cholesterol-
lowering reagents reduce A� levels in vitro and A�-related
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pathology in vivo.13,14 Molecules involved in cholesterol me-
tabolism and trafficking, such as acyl-coenzyme A:choles-
terol acyltransferase and ATP-binding cassette transporter
A1 (ABCA1), affect the generation or secretion of A�.15–17

A� binds strongly and selectively to membranes containing
gangliosides, and A� fibril formation is accelerated by gan-
glioside-containing vesicles.18 It is conceivable that dis-
turbed membrane lipid distribution and the associated ab-
normal vesicular trafficking in NPC cells19 likely lead to
abnormal APP processing, A� production, and its accumu-
lation. In this study, we ask whether A� or other APP pro-
teolytic fragments accumulate in cultured neurons with NPC
defects and in the brains of NPC patients.

Materials and Methods

Chemicals and Antibodies

U18666A was purchased from Biomol Research Labora-
tories, Plymouth Meeting, PA. A�40 and A�42 synthetic
peptides were obtained from Bachem Bioscience, King
of Prussia, PA. The following primary antibodies have
been described previously: polyclonal B994 reactive to
the carboxyl 39 amino acids of APP and monoclonal 6C4
antibody to lysobisphosphatidic acid (LBPA).20,21 The
following antibodies were from commercial sources:
monoclonal 4G8 to A�17-24 and 6E10 to A�1-17 were
from Senetek, Napa, CA; monoclonal 10D5 to ��1-16
was from Athena Neuroscience, South San Francisco,
CA; monoclonal 22C11 to APP66-100 was from Chemi-
con, Temecula, CA; end-specific polyclonal anti-A�40
and anti-A�42 were from Biosource International, Cama-
rillo, CA; monoclonal CDF4 to human Golgin-97 was from
Molecular Probes, Eugene, OR; polyclonal anti-glucose
regulated protein 94 (Grp94) was from StressGen Bio-
technologies, Victoria, BC, Canada; polyclonal anti-Rab7
and anti-Rab5a were from CytoSignal, Irvine, CA; mono-
clonal anti-EEA1 (clone 14) was from BD Biosciences,
San Jose, CA; polyclonal anti-cathepsin D was from On-
cogene, Boston, MA; monoclonal anti-Lamp1 (clone
1D4B) was from Developmental Studies Hybridoma
Bank, Iowa City, IA. Highly cross-adsorbed goat anti-
rabbit IgG and goat anti-mouse (Alexa 488- or Alexa
568-conjugated) were obtained from Molecular Probes
and used as secondary antibodies.

Primary Neuronal Cultures and Adenovirus
Infection

The neuron cultures used for U18666A treatment exper-
iments were derived from newborn C57BL6 mice. Corti-
cal neurons were prepared as described.22 Briefly, indi-
vidual cells were dissociated by trypsinization (0.125% in
Hanks’ balanced salt solution, Ca2�- and Mg2�-free) for
25 minutes at 37°C and washed once with Hanks’ bal-
anced salt solution containing Ca2� and Mg2� after in-
activating the enzyme with trypsin inhibitor. Cells were
dissociated further in serum-free Neurobasal medium
plus B27 supplement (Life Technologies, Gaithersburg,
MD) as previously described,23 by sequential mechani-

cal dissociation, using a Pasteur pipette with the tip lightly
fire-polished. Aliquots of cells were then mixed with an
equal volume of trypan blue, and dye-excluding cells
were counted in a hemocytometer. Cells were plated on
poly-D-lysine-coated dishes (1 �g/ml) at 5.6 � 104 cells
per cm2 in serum-free Neurobasal medium plus B27 sup-
plement and maintained at 37°C in 5% CO2. Neurobasal
medium and B27 supplement represent an optimized
medium for sustaining the survival of central nervous
system neurons.23 The medium supports long-term sur-
vival and suppresses glial growth to �2% of the total cell
population.

The adenovirus driving the expression of APP695
(Adv-APP695) was a gift from Dr. Yoshito Kinoshita, De-
partment of Neurological Surgery, University of Washing-
ton, Seattle, WA. The viruses (Adv-APP695 and vector
control Adv-cont) were kept as stock concentrations of 2
to 9 � 1010 PFU/ml. Both viruses were added to 4-day-
old neuron cultures at 300 PFU per cell, and U18666A
was added on the following day. Cultures were homog-
enized after a further 24-hour incubation.

Preparation of Cell Extracts and Western Blot
Analysis

Cultured neurons were homogenized in a buffer of 50
mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 0.1 mmol/L
ethylenediaminetetraacetic acid, 0.32 mol/L sucrose, in
the presence of a protease inhibitor cocktail (Sigma, St.
Louis, MO). Aliquots were taken for protein determina-
tions by using the Bio-Rad (Hercules, CA) protein assay
dye reagent. Serial extraction of cellular proteins was
performed as described.24 Cells were first lysed in RIPA
[150 mmol/L NaCl, 1% Nonidet P-40, 0.5% deoxycholate
(DOC), 0.1% sodium dodecyl sulfate (SDS), 50 mmol/L
Tris, pH 7.5] and centrifuged for 20 minutes at 40,000 �
g, 4°C, in a Beckman Optima TLX ultracentrifuge (Beck-
man, Fullerton, CA). Supernatants were saved and the
pellets, after being washed once in RIPA, were resus-
pended in 70% formic acid and sonicated. The formic
acid samples were then dried by speed vac and resus-
pended in 0.1 mol/L of Tris (pH 8.0) to neutralize the
formic acid.

Cell extracts containing equivalent amounts of protein
were boiled for 5 minutes in sample buffer containing 5%
2-mercaptoethanol/2% SDS and analyzed by SDS-
polyacrylamide gel electrophoresis. Bicine gel electro-
phoresis for separation of A�40 and A�42 was performed
as described.25 Proteins were transferred to polyvinylidene
difluoride membranes (Immobilon-P; Millipore, Bedford,
MA) and probed with antibodies as previously described.26

Visualization was performed using enhanced chemilumi-
nescence (Amersham Pharmacia, Piscataway, NJ).

Sandwich Enzyme-Linked Immunosorbent
Assay (ELISA) Quantification of A�40 and A�42

The sandwich ELISA assay was performed as previously
described11 with some modifications; notably, 6E10 was
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used as capturing antibody and anti-A�40 and anti-A�42
(Signet Laboratories, Dedham, MA) as detecting antibod-
ies. Briefly, each well of the 96-well plate was coated with
100 �l of 5 �g/ml 6E10 overnight, followed by incubation
with 100 �l of 0.5% bovine serum albumin (Sigma) for 1
hour. After three washes, A� peptide standards (tripli-
cates) and samples were then added at a volume of 100
�l. The plate was then incubated at 4°C overnight. Each
well was washed three times and 100 �l of detecting
antibody (0.5 �g/ml, diluted in bovine serum albumin-
Tween 20 buffer) was added. This was incubated for 2
hours at room temperature with gentle rotation, followed
by addition of 100 �l of horseradish peroxidase-avidin
(1:4000 dilution in bovine serum albumin-Tween-20 buff-
er; Vector Laboratories, Burlingame, CA) and a further
1-hour incubation. After three washes, Slow 3,3�,5�,5�-
tetramethylbenzidine liquid substrate (slow kinetic form)
(Sigma) was added and the plate was read at 630 nm
every 20 seconds for 15 minutes. The value obtained for
each well is the Vmax (slope of OD versus time) in the
linear range of the curve. The value was then converted
to pg/ml according to a standard curve. The value was
multiplied by the volume of each fraction to obtain the
quantity of A� in each fraction.

Human Brain Tissue

Paraffin-embedded brain tissue sections from NPC pa-
tients used in this study were drawn from the same pool
of material used in our previous study; these had been
collected worldwide.27 The collection consists of 17
cases of clinically and neuropathologically confirmed
NPC. The infantile case (age 7 months) could not be
included because of depletion of tissue blocks. An addi-
tional adult case (age 23 years) was added. There thus
were 7 juvenile cases from 4 to 17 years of age, and 10
adult cases from 19 to 55 years of age. There were six
age-matched controls. 4G8 immunocytochemical stain-
ing was performed on five juvenile cases and five adult
cases with similar results. For other studies, pilot exper-
iments were first performed using sections from a 23-
year-old case that provided abundant tissues. The results
were then repeated using one to four additional NPC
cases.

For immunoblotting analyses, temporal, hippocampal,
or cerebellar tissues from 11- and 31-year-old NPC cases
and one 23-year-old control were homogenized and
stored as described.27 The same batch of homogenates
with same protein concentration determinations was
used in the previous and the present studies.

Immuncytochemistry

Immunofluorescence labeling and confocal microscopy
for subcellular localization of antigens were performed as
previously described.26,28 Neurons grown on Lab-Tek
Chamber Slides (Nunc, Naperville, IL) were fixed in 4%
paraformaldehyde for 10 minutes at 4°C. The cells were
permeabilized with 0.03% saponin, followed by primary
antibodies. After incubation with Alexa-conjugated sec-

ondary antibodies the cells were mounted in Vectorshield
mounting media (Vector Laboratories) containing 4,6-dia-
midino-2-phenylindole for nuclear label. Images were ex-
amined with a Leica DM IRBE confocal microscope, cap-
tured using a Leica TCSSP camera and Leica confocal
software.

Immunofluorescent detection of A� species was per-
formed using biotinylated 4G8 (Senetek, Napa, CA) at a
dilution of 1:200 followed by incubation with Alexa Fluor
488-conjugated streptavidin. Other antibodies used for
A� staining were polyclonal end-specific antibodies, anti-
A�40 and anti-A�42, followed by highly cross-adsorbed
Alexa Fluor 488 goat anti-rabbit.

For immunocytochemical detection of A� species in
human brains, the brain sections were treated with 89%
formic acid (Sigma) followed by 3% H2O2 incubation.
Primary antibodies and biotin-conjugated 4G8 was used
at a dilution of 1:200 or as suggested by the manufactur-
ers. After washes, sections were incubated with strepta-
vidin or secondary antibodies conjugated with horserad-
ish peroxidase (Zymed, South San Francisco, CA) at
dilution of 1:200. Staining was visualized using chromo-
gen 3-amino-9-ethyl carbazole (AEC, Zymed). Fluores-
cent labeling was performed as described above.

Negative controls were performed by omitting the pri-
mary antibodies and by using nonimmune serum on rep-
resentative sections. Under these conditions, no specific
immunostaining was observed.

For double labeling involving filipin, the fixed cells were
washed three times with phosphate-buffered saline, perme-
abilized with filipin, 100 �g/ml, in dH2O for 2 hours at room
temperature in the dark, before the second labeling.

Morphometric measurements of Rab5a-positive areas
were performed with the MetaMorph software (version
4.6; Universal Imaging Corp., Downingtown, PA), using
the integrated morphometry analysis tool under a consis-
tent classifying standard for analyzed objects. When col-
lecting images, care was taken to ensure that they were
collected at levels below detector saturation by using a
color look-up table.

Results

Increased Levels of Insoluble A�42 and C99 in
Neurons Treated with U18666A

Yamazaki and colleagues29 demonstrated that Chinese
hamster ovary cells or K295 cells, stably expressing
APP751, accumulated significant amount of Triton-insol-
uble A�42 intracellularly after treatment with U18666A, a
class 2 amphiphile that directly inhibits the function of
NPC1 protein and induces an NPC-like phenotype.30 Be-
cause NPC is primarily a neurodegenerative disorder, we
determined whether similar A�42 accumulation occurs in
neurons treated with U18666A. Cultured primary mouse
cortical neurons were infected with adenovirus that drove
the expression of APP695 (Adv-APP695), the major iso-
form of APP in neurons, or with control virus (Adv-cont).
As shown in Figure 1A, treatment of APP-expressing
neurons with U18666A (3 �g/ml) resulted in an increased
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cellular level of A�42, which was barely recognizable in
untreated cells. There was also an increase in the level of
C99, which migrated as a 14-kd band,20,31 recognized
by both 6E10 and B994, a polyclonal antibody reactive to
the carboxyl terminal 39 amino acids of APP.20 This band
also co-migrated with the overexpressed C99 in MC65
cells (see below). As expected, B994 did not recognize
A�. A few 6E10-reactive bands with molecular masses
between A� and C99 were not recognized by B994 ei-

ther, possibly representing oligomeric or anomalously
migrating forms of A�.32 Densitometric quantification of
the intensities of the C99 bands in three repeated exper-
iments revealed that C99 levels increased 8.6 � 1.3-fold
after U18666A treatment. The cellular level of A�40 re-
mained unchanged after U18666A treatment. In addition,
multiple bands with molecular masses between C99 and
APP were present only in U18666A-treated neurons, rec-
ognized by 6E10 and/or by B994. These bands may
represent aggregates of A�, C99, and other C-terminal
fragments of APP (APP-CTF). Supporting this notion,
these bands were diminished by formic acid extraction to
disrupt the aggregates (not shown).

The possible change of APP level after U18666A treat-
ment was separately evaluated using Tris-HCl gradient
gel electrophoresis, which provides a better separation of
higher molecular weight proteins. The Western blot
probed with 22C11 (specific for N-terminal portion of
APP, or APP66-100) in Figure 1B demonstrated the ex-
pected expression of APP after infection with Adv-
APP695. The level of APP remained unchanged after
U18666A treatment, which could not explain the in-
creased cellular levels of C99 and A�42.

A �-cleavage is required to produce C99 and a sub-
sequent �-cleavage on C99 is required to produce A�.
Therefore, the generation of A� depends on the levels of
C99. In the next experiment, we used a neuroblastoma
cell line MC65 that conditionally expresses C99 and ac-
cumulates A�40 throughout time,33,34 mainly in the late
endosome/lysosome (L-W Jin and I Maezawa, unpub-
lished observation). The use of this cell line enabled us to
bypass the influence of U18666A on �-cleavage and
assess its effect on �-cleavage directly. Treatment of
MC65 cells with U18666A did not result in any changes in
the levels of A�40, indicating that �-cleavage activity, at
least the activity for A�40 generation, was not influenced
by U18666A treatment (Figure 1A). Furthermore, C99
levels were also unchanged, implying that U18666A
treatment did not alter the retention or degradation of
C99. This result suggests that increased C99 and A�42 in
U18666A-treated neurons was at least in part because of
increased �-secretase activity that generates more C99
for subsequent A� production.

Because A� is found as insoluble deposits in amyloid
plaques of the AD brain and, in particular, A�42 is more
abundantly present in the insoluble intracellular pool in
neurons than A�40,24 we considered the possibility of an
altered solubility of neuronal A� species after U18666A
treatment. In this analysis, neurons were sequentially ex-
tracted in detergent buffer (RIPA), and then in 70% formic
acid, followed by sandwich ELISA to determine the levels
of A�40 and A�42 in each extracted fraction.24 As shown
in Figure 1C, U18666A treatment did not alter the levels of
A�40, nor its distribution among RIPA- and formic acid-
solubilized fractions. By contrast, U18666A treatment in-
creased the total levels of A�42 �7.5-fold. Formic acid
extraction revealed a much larger pool of A�42 in the
U18666A-treated neurons. In the RIPA-solubilized pool,
the average A�42/A�40 ratio was 0.58, whereas in formic
acid-solubilized pool, 2.7. This result suggests that treat-
ment with U18666A results in an expanded pool of insol-

Figure 1. U18666A treatment increases the level of C99 and insoluble A�42
in cultured cortical neurons but not in MC65 neuroblastoma cells expressing
C99. A: Cortical neurons from newborn mice were infected with Adv-APP695
on day 4 in culture and treated with U18666A (3 �g/ml) on day 5 for 24 hours
(APP�U18666A). MC65 cells were cultured in serum-free Opti-MEM medium
without tetracycline to induce C99 expression for 24 hours, followed by
U18666A (3 �g/ml) treatment (MC65�U18666A). For control cultures (la-
beled as APP and MC65), equal volumes of solvent were added. Equal
amounts (10 �g from cortical neurons and 5 �g from MC65 cells) of proteins
from cell homogenates were subjected to bicine SDS gel electrophoresis and
Western blot analysis using 6E10 and B994 antibodies. The locations of C99,
A�40, and A�42 bands are indicated. The A� standard contains a mixture of
synthetic A�40 and A�42. Note that in bicine SDS-polyacrylamide gel elec-
trophoresis, A�42 has a paradoxically lower apparent molecular mass than
A�40.25 MC65 cells expressed relatively less endogenous APP; however, on
longer exposure of the film, the APP bands recognized by 6E10 in MC65
samples became apparent. The experiment was performed three times with
similar results. B: Same but independent experiment using cortical neurons
was performed as described in A. The proteins were separated by 10 to 20%
gradient Tris-HCL gel electrophoresis and the blot analyzed by 22C11 anti-
body. Shown are cultured neurons infected with Adv-cont (Cont) or Adv-
APP695 (APP) without or with treatment of U18666A. C: Cortical neurons
expressing APP695 with or without U18666A were sequentially extracted in
RIPA followed by formic acid (FA), and the extracts were subjected to
sandwich ELISA assay for quantification of A�40 and A�42. Depicted are
mean values from two independent experiments, each done with duplicate
samples. Error bars indicate 1 SD.
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uble A�, which tends to aggregate and become cyto-
toxic. Because our ELISA assay only detects A� species
but not the C99, we do not know the extent of solubility of
the expanded C99 pool in U18666A-treated neurons. A
high propensity of C99 to aggregation has also been
demonstrated.31,35,36 It is possible that the pool of insol-
uble APP fragments after the inclusion of C99 may be
even larger than what we have detected via our measure-
ments of A�.

A�-Positive Deposits Reside in Endosomal
Compartments Distinct from Cholesterol-Rich
Compartment in U18666A-Treated Neurons

Because A� species in U18666A-treated neurons be-
come less soluble and form higher molecular weight
complexes, they may form intracellular aggregates that
are readily stained by antibodies reactive to A� after
formic acid pretreatment, as described in APP transgenic
mice.26 In untreated cells, the A� immunoreactivities as
detected by 4G8 appeared diffuse or finely granular. In
contrast, the U18666A-treated neurons contained coarse
granules or larger blotches, suggesting an intracellular
aggregation (Figure 2A). The neurons infected with con-
trol adenovirus were entirely 4G8-negative. The same A�
immunoreactivities were obtained using another A� anti-
body, 10D5 (data not shown). To determine whether
there is a direct or close interaction between A� deposits
and accumulated cholesterol, we performed confocal mi-
croscopy of neurons double labeled with antibodies to
A� and filipin for free cholesterol. Filipin positivity was
present in U18666A-treated cells as numerous punctate
structures in the cell body and proximal portion of pro-
cesses, indicative of cytoplasmic cholesterol-laden ves-
icles. Very few filipin-positive vesicles were present in
untreated neurons (Figure 2A). Notably, since these neu-
rons were established and cultivated in serum-free de-
fined media for 6 days when assayed, the detected cho-
lesterol was from endogenous synthesis. A similar
staining pattern for endogenous cholesterol was demon-
strated in cultured murine sympathetic neurons by Karten
and colleagues.37 In contrast to what has been shown in
cells enriched with LDL cholesterol,29,38 filipin-positive
vesicles are entirely distinct from 4G8- or 10D5-positive
granules (Figure 2A). Consistent with previous observa-
tions from nonneuronal cells, in U18666A-treated neu-
rons, cholesterol accumulated in late endosomes that
contained LBPA,21 and also in lysosomes positive for
Lamp1 (Figure 2B).

To reveal the nature of the vesicular compartment(s) in
which A� deposits reside, we performed double immu-
nolabeling using 4G8 and specific antibodies for or-
ganelle markers. To exclude the possibility that the 4G8-
positive deposits were entirely composed of APP or APP
fragments but not A�, we also used polyclonal A� end-
specific antibodies, anti-A�40 and anti-A�42, in some
experiments. These two end-specific antibodies do not
recognize APP fragments containing A� domain that is
not at the C-terminal end.39 The specificity of these anti-
bodies when used in immunocytochemistry has been

tested by our laboratory.26 Using the same dilution (1:50)
as was used to demonstrate the intraneuronal ��40 de-
posits in APP mice,26 we could not demonstrate A�40
deposits in U18666A-treated neurons. Instead, most

Figure 2. A�-positive deposits reside in endosomal compartments distinct
from cholesterol-rich compartment in U18666A-treated neurons. Confocal
microscopy was performed on double-fluorescence-labeled U18666A-treated
neurons to determine the subcellular location of A�-positive deposits. Neu-
rons were cultured and treated as described in Figure 1. Cells were then fixed
and double labeled with filipin and 4G8 in LBPA (A) and Lamp1 (B). The
arrow in A points to a large 4G8-positive granule. In C, neurons were double
labeled with paired antibodies to A� (4G8 or anti-A�42) and to organelle
markers (Lamp1, LBPA, Rab7, and Rab5a) in a manner that a monoclonal
antibody was paired with a polyclonal antibody. Shown here are merged
images. The color of fluorescence applied to each primary antibody is
indicated. The yellow color in the merged images indicates co-localization.
Scale bars, 4 �m.
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4G8-positive deposits are also A�42- and B994-positive,
supporting a mixture of C99 (or other APP-CTF) and
A�42. Figure 2C demonstrates that a small majority of
A�-positive deposits resided in vesicles positive for
Rab5a, whereas the rest are in vesicles positive for LBPA
and Rab7. Clearly, areas of A�42 positivity are distinct
from those positive for Lamp1, a lysosomal membrane
marker, as well as the Golgi marker Golgin-97 and the
endoplasmic reticulum marker Grp94 (not shown). These
results indicate that A�42/C99/APP-CTF in U18666A-
treated neurons accumulated in early endosomes and in
a portion of late endosomes that do not accumulate cho-
lesterol.

Accumulation of C99/APP-CTF in NPC Purkinje
Cells and Its Localization in Early Endosomes

To examine the pathological relevance of the results ob-
tained from U18666A treatment of cultured neurons, ex-
periments were next performed on brain tissues from
NPC patients and age-matched controls. Figure 3 shows
Western blot analyses of brain homogenates from differ-
ent brain regions. Because of the very limited availability
of good quality frozen brain tissues from NPC and age-
matched control patients, we could only obtain one juve-
nile (11 years old) and one adult (31 years old) NPC case
and one 23-year-old control case27 for this experiment. In
both NPC cases, the cerebellum contained significant
amount of C99, recognized by both 6E10 and B994.
A�42 was present in the hippocampus, and to a lesser
extent, in the temporal cortex, of the adult NPC case, but
not in the juvenile NPC case. Both C99 and A�42 were
absent in the control.

By immunohistochemistry, all juvenile (n � 5) and adult
(n � 5) NPC cases show variable but significant A�
immunoreactivities in neurons. In the NPC cerebellum,
4G8 strongly stained the surviving Purkinje cells. The 4G8
staining in the cerebellum from age-matched controls
and cognitively normal aged individuals (up to 76 years
old) was entirely negative by the immunoperoxidase
method (Figure 4A). The same result was obtained using
10D5. Despite abundant 4G8 staining in NPC Purkinje
cells, anti-A�40 and anti-A�42 yielded completely nega-
tive staining. On the other hand, B994-positive areas
overlapped substantially with 4G8-positive areas (Figure
4B), suggesting that the accumulated APP fragments

contained both the A� domain and the most C-terminal
domain of APP. Considering our immunoblot finding that
C99 accumulated, while A� was absent in the NPC cer-
ebellar homogenates, it is likely that the accumulated
4G8 antigen was in fact C99, but not A� itself. However,
the possible accumulation of other A�-containing frag-
ments or APP-CTF cannot be excluded. 22C11 failed to
stain the deposits (data not shown), suggesting the ab-
sence of N-terminal epitopes or full-length APP in the
deposits.

Double-immunolabeling experiments demonstrated
that in NPC Purkinje cells, a large majority of 4G8-positive
deposits resided in Rab5a-positive early endosomes.
They are entirely absent in Rab7-positive late endosomes
(Figure 4C). In addition, the 4G8-positive early endo-
somes appear enlarged in size, compared to Rab7-pos-
itive late endosomes. Thus, there is a close concordance
between cultured neurons treated with U18666A and
NPC Purkinje cells in that they both accumulate amyloi-
dogenic fragments of APP, mainly in their early endo-
somes.

Accumulation of A�42 in Cortical and
Hippocampal Neurons and in Blood Vessels in
the NPC Brain

Our immunoblot experiment demonstrated an accumula-
tion of A�42 in the hippocampus, and to a lesser degree,
in the cerebral cortex, in an adult NPC case. Because
hippocampus is the major site afflicted by AD and since
late in the course of NPC, the patients also present de-
mentia, we examined NPC hippocampus for possible
A�42 deposits. In the hippocampus of adult NPC pa-
tients, numerous ��42-positve neurons were seen in CA1
(Figure 4D) and some in entorhinal cortex, a pattern
similar to early AD.40 There was also A�42 immunoreac-
tivity in or around the tunica media of the small arteries
(Figure 4D). This A�42 angiopathy is rarely seen in nor-
mal young adults. The same staining pattern was also
observed using antibodies 4G8 and 10D5, but not in
age-matched controls or cognitively normal aged individ-
uals. The A�42 immunopositivities in the hippocampus of
juvenile NPC cases were quite variable. Thus, different
from cerebellum, the NPC cortex and hippocampus have
an accumulation of A�42, which seems to be age-depen-
dent. Despite this, there was no extracellular amyloid
plaque formation as seen in AD. Interestingly, A�42 was
localized to LBPA-positive late endosomes in hippocam-
pal pyramidal neurons (Figure 4E).

Redistribution of Cathepsin D (CatD) to Early
Endosomes in NPC Purkinje Cells

Previously it was demonstrated that CatD, a major lyso-
somal aspartic protease, was redistributed to early endo-
somes in AD brains but rarely so in normal brains. This
was considered as a potential mechanism of increased
�-amyloidogenesis.41 Consistent with this notion, we
demonstrated that in APP mice, intracellular accumula-

Figure 3. Increased levels of C99 in NPC cerebellum and ��42 in NPC
hippocampus. Equal amounts of protein in homogenates of cerebral cortex
(Cx), cerebellum (Cb), and hippocampus (Hp) from a juvenile NPC subject
(11 years old), an adult NPC subject (31 years old), and a normal control (23
years old) were subjected to bicine SDS-polyacrylamide gel electrophoresis
and Western blot analysis using 6E10 (left). Because of the limitation of
available brain homogenates, the blot was then stripped by boiling in acidic
pH buffer, neutralized, and reprobed with B994 antibody (right). The
positions of the C99, A�40, and A�42 bands are indicated.
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tion of A� was associated with a redistribution of CatD.26

To determine whether the same phenomenon occurs in
NPC, we performed double-immunolabeling experiments
using a polyclonal antibody reactive to the mature form of
CatD, paired with 4G8, Lamp1, and EEA1, a monoclonal
marker for early endosomes. As shown in Figure 5A,
there was an almost complete co-localization of Lamp1
and CatD in control Purkinje cells. Co-localization of CatD
and EEA1 was seen in a small portion (13.9 � 4.1%,
mean � SEM of three patients, each with 25 neurons
counted) of neuronal early endosomes. However, in NPC
Purkinje cells, only a small portion of CatD-positive gran-
ules were also Lamp1-positive; the majority (79.4 � 6.6%,
mean � SEM of three patients, each with 25 neurons
counted) of them co-localized with EEA1. Statistical anal-
ysis using Student’s t-test revealed a two-tailed P value
�0.005 for comparison of above measurements between
NPC and controls. Interestingly, similar to what was found
in the at-risk neurons in AD brains,41 there were atypically
large early endosomes highlighted by CatD and EEA1.

We also determined whether CatD was co-localized with
4G8-positive deposits, which were localized to early en-
dosomes. Figure 5B shows that in control Purkinje cells,
the 4G8 staining was finely granular, and was co-local-
ized with both Lamp1 and CatD, consistent with lysoso-
mal localization of the A� epitope. Approximately 30% of
the lysosomes were 4G8-positive. However, in NPC Pur-
kinje cells, the 4G8 staining was coarsely granular, co-
localized with CatD, but entirely distinct from Lamp1.
These results indicate that in NPC Purkinje cells, there is
a redistribution of CatD to early endosomes that tend to
be enlarged. Morphometric measurements of the per-
centages of Purkinje cell volume occupied by Rab5a-
positive early endosomes revealed a trend toward larger
early endosomes in NPC Purkinje cells, but there was no
statistically significant difference between NPC and con-
trol cases (Figure 5C). Because the intraneuronal accu-
mulation of APP amyloidogenic fragments and CatD re-
distribution are common denominators in AD and NPC,
the early endosomal abnormalities appear to be inti-

Figure 4. C99 accumulates in the early endosomes of NPC Purkinje cells and A�42 accumulates in NPC hippocampal pyramidal neurons, cerebral blood vessels,
and co-localizes with LBPA. A: Paraffin-embedded sections from control and NPC cerebellums were immunostained with 4G8. Color development was then
obtained using a DAB staining kit and Meyer’s hematoxylin counterstain. Presented are cerebellar sections from a 23-year-old NPC subject and an age-matched
control. Original magnifications are indicated. B: Confocal microscopic images of a representative Purkinje cell in NPC cerebellar sections double labeled with
4G8 and B994. C: Confocal microscopic images of a representative Purkinje cell in NPC cerebellar sections double labeled with 4G8 and endosomal markers Rab5a
and Rab7. Shown are merged images. The color of fluorescence applied to each primary antibody is indicated. The yellow color in the merged images indicates
co-localization. D: Paraffin-embedded sections from control and NPC hippocampus were immunostained with anti-A�42. Color development was then obtained
using red chromogen 3-amino-9-ethyl carbazole (AEC) and Meyer’s hematoxylin counterstain. Arrows point to A�42 deposits in the blood vessel wall. Original
magnifications are indicated. E: Confocal microscopic images of a representative pyramidal neuron in NPC CA1 double labeled with antibodies to A�42 and LBPA.
The yellow color in the merged images indicates co-localization. Scale bars, 4 �m.
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mately associated with abnormal APP metabolism in both
diseases.

Discussion

Extensive effort has emphasized the pathological role of
amyloidogenic fragments such as A� (especially A�42)
and C99 in AD. Our in vitro and in vivo results suggest that
A�-related pathways leading to neuronal degeneration in
AD may also play a role in NPC. We demonstrated a
substantial accumulation of ��42/C99/APP-CTF, likely in
aggregated state, in neurons with NPC defects. A major
portion of these deposits resided in early endosomes. In
neuronal cultures, the endosomal compartments harbor-
ing these deposits were distinct from where endogenous
cholesterol accumulated. The concordance of findings in
cultured neurons and in NPC brains regarding these
depositions suggests that they are more or less direct
consequences of NPC defects, rather than secondary to
neurodegeneration or glial abnormalities. These results
also suggest that, at least in neurons, endosomal abnor-
malities, rather than accumulated cholesterol, make a
more direct contribution to A�/C99/APP-CTF accumula-
tion and aggregation. Yet another similarity between AD
and NPC is that CatD, a lysosomal hydrolase, was redis-
tributed to early endosomes where it co-localized with
C99/APP-CTF in NPC Purkinje cells, further supporting
the presence of endosomal abnormalities.

The aggregated state of A�42/C99 was suggested by
the insolubility of accumulated A�42 and the detection of
higher MW A�- and/or C99-immunoreactive species by
Western blot analyses. This result is consistent with the
reports of Yamazaki and colleagues29 and Runz and
colleagues.38 However, some observations distinguish
our results from theirs. First, the A� immunoreactivities
were found in endosomes without accumulated choles-
terol. This result does not support a direct or close inter-
action between A� deposits and accumulated choles-
terol. Second, C99 levels were increased in both
U18666A-treated neurons and in NPC Purkinje cells, sug-
gesting an enhanced �-cleavage activity. In contrast,
results from Runz and colleagues38 using neurons or
neuroblastoma cells cultured in LDL-enriched medium
suggest a reduction in �-cleavage after U18666A treat-
ment.

Figure 5. CatD is redistributed to early endosomes and co-localizes with
C99. A: Confocal microscopic images of control and NPC Purkinje cells
double labeled with antibodies to CatD and Lamp1 or EEA1. The arrow
points to an enlarged CatD- and EEA1-positive vesicle. B: Confocal micro-
scopic images of control and NPC Purkinje cells double labeled with 4G8 and
antibodies to CatD and Lamp1. Shown are merged images. The color of
fluorescence applied to each primary antibody is indicated. The yellow color
in the merged images indicates co-localization. The arrow points to an
enlarged CatD- and 4G8-positive vesicle. C: Control and NPC cerebellar
sections were immunostained with Rab5a; high-power images of 25 ran-
domly selected Purkinje cells were taken and the total area of immunoposi-
tive objects per cell was obtained using Metamorph software. Values pre-
sented are mean percentage of cell area occupied by Rab5a-positive early
endosomes in each individual brain. The horizontal line indicates the mean
value of patients in each group. Statistical analysis using Student’s t-test
revealed a two-tailed P value of 0.06 for comparison between NPC and
controls. Scale bars, 4 �m.
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We speculate that these discrepancies came from the
different sources of cholesterol studied. The accumu-
lated cholesterol in our study was from endogenous syn-
thesis, whereas that in Yamazaki and colleagues29 and
Runz and colleagues38 was from internalized LDL cho-
lesterol. Because the major source of cholesterol in neu-
rons is from endogenous synthesis rather than from ex-
ogenous uptake,42,43 it was suggested that the defect in
endogenous cholesterol trafficking is a significant cause
for NPC neurodegeneration.44 Karten and colleagues45

measured the antegrade transport of cholesterol in
npc1	/	 neurons and found that LDL cholesterol was
normally transported into axons whereas endogenous
cholesterol was not, implying a unique pathological role
of endogenous cholesterol. Blocking the accumulation of
cholesterol through the LDL receptor pathway does not
alter the degenerative phenotype of NPC.46 Therefore,
the well-documented NPC defect in LDL-derived choles-
terol transport, the paradigm used by Yamazaki and col-
leagues29 and Runz and colleagues,38 may not lead to a
complete understanding of neurodegeneration in NPC. In
this respect, it is important to address neuron-specific
economy of cholesterol in future experiments, to yield
useful information. Karten and colleagues45 proposed
that a reduction in the cholesterol content of NPC1-defi-
cient axons because of impaired antegrade transport of
endogenous cholesterol may be one of the fundamental
mechanisms of neurodegeneration in NPC. Among many
severe consequences, this deficiency may also affect the
endosomal transport and processing of APP. APP under-
goes fast axonal transport to nerve terminals,47 where
full-length APP is present at the surface and then endo-
cytosed and transported retrogradely in endosomal ves-
icles to the neuronal soma.48,49 The processing of APP
and generation of A�/C99 in neurons is tightly coupled to
its endosomal transport. Therefore, we hypothesize that
in NPC, the lack of cholesterol in endosomal trafficking
system contributes to abnormal APP processing and
A�42/C99 deposition.

The effect of NPC defects on �-secretase activity
seems to depend on the type of neurons. Experiments
using MC65 cells expressing C99 failed to support an
effect of U18666A treatment on �-cleavage, at least on
the activity generating A�40. In NPC Purkinje cells, no A�
was detected despite large amounts of C99; this lack of
�-cleavage of C99 may be a direct consequence of NPC
defects, because cerebellar neurons are capable of pro-
ducing A�.50 However, the �-cleavage activity was ro-
bust in NPC hippocampal neurons, judging from their
generation of A�42. Interestingly, the two isoforms of
presenilins (membrane proteins required for �-secretase
activity) are differentially distributed among brain struc-
tures. Purkinje cells uniquely show high levels of prese-
nilin 2 immunoreactivity compared to other human brain
regions.51 A study of the differential regulation of prese-
nilin 1 and presenilin 2 by altered cholesterol metabolism
such as seen in NPC may yield useful insight to the
differential display of �-secretase activity between cere-
bellar and hippocampal neurons.

In addition to their effect on ��42/C99 production,
NPC defects may also decrease its degradation, a result

of abnormal sorting or decreased degradation enzyme
activity. There are two notable possibilities, which may
explain selective A�42 accumulation. First, A�42 may be
retained in abnormal membrane domains. Tissues with
NPC defects have been shown to have abnormal com-
position of membrane lipid rafts.52 Abnormal raft com-
position has been found associated with increased
insoluble A�42.53 Second, A�42 may be bound to
accumulated lipids such as glycosphingolipids, the ma-
jor storage material in NPC brains.54 Sugimoto and col-
leagues55 reported accumulation of GM1 ganglioside in
the early endosomes of NPC1-deficient cells. This raises
the possibility that the early endosomal accumulation of
A�42 in NPC neurons may be secondary to GM1. Mem-
brane GM1 has been shown to selectively bind A�42
tightly, induce a change in A� conformation, and accel-
erate its aggregation.18,56 Whether GM1 plays a similar
role in NPC remains to be determined.

There was an age-related increase in CatD-containing
microglial cells in the thalamus and cerebellum of BALB/c
npcnih mice.57 Revealed by our human study, CatD ac-
cumulates in both Purkinje cells and microglia (not
shown). CatD was redistributed to early endosomes in
Purkinje cells, but not in hippocampal neurons (not
shown). By contrast, in AD, altered CatD distribution was
seen in cortical and hippocampal neurons.41 Therefore,
this altered distribution seems to occur in at-risk neurons
or damaged neurons, indicating its association with neu-
rodegeneration in both diseases. Early endosomal abnor-
malities were shown to be an early event in AD.58 The
increased activity of CatD may affect the processing of
APP. In vitro, C99 can be cleaved by CatD to produce
A�42.59,60 However, despite the co-localization of C99/
APP-CTF and CatD in NPC Purkinje cells, we could not
detect A� in the NPC cerebellum. On the other hand, it
was reported that hippocampal slices incubated with
A�42 had 56% greater concentrations of CatD than con-
trols,61 suggesting that accumulation of amyloidogenic
A� may regulate CatD levels. In any event, the co-local-
ization of C99/APP-CTF and CatD in early endosomes of
NPC Purkinje cells constitutes a unique pathology reflect-
ing the abnormal membrane properties of endosomal
vesicles, resulting in abnormal endosomal transport and
processing of APP and CatD.

The pathological consequence of intraneuronal A�42/
C99/APP-CTF accumulation in NPC is unknown, although
intraneuronal A�42 accumulation has been hypothesized
to be an early and toxic event in AD.62,63 A�42 accumu-
lates within vulnerable neurons in APP transgenic mice26

and in AD brains.40 Intracellular, rather than extracellular,
A� may be the initial site of A� aggregation and neuro-
toxicity.64 Our results are consistent with the finding that
intracellular A�42 is rather insoluble and resistant to deg-
radation.24,65 Intracellular accumulation of C99 also
causes various toxic effects and behavioral abnormalities
in transgenic animals.66–70 In particular, Glabe71 pro-
posed a mechanism that intracellular A�42 aggregates
provide seeds for further assembly of amyloidogenic
fragments of APP such as C99, as a possible starting
point for neurodegeneration in AD. Our results are con-
sistent with the presence of homo- or heteropolymeric
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aggregates of A�42/C99 in NPC neurons, implying the
potential toxicity from these aggregates.
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