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Niemann-Pick disease type C (NPC), caused by muta-
tions in the Npc1 or Npc2 genes, is a progressive
neurodegenerative disorder characterized by intracel-
lular accumulation/redistribution of cholesterol in a
number of tissues including the brain. This is accom-
panied by a severe loss of neurons in selected brain
regions. In this study, we evaluated the role of lyso-
somal enzymes, cathepsins B and D, in determining
neuronal vulnerability in NPC1-deficient (Npc1�/�)
mouse brains. Our results showed that Npc1�/� mice
exhibit an age-dependent degeneration of neurons in
the cerebellum but not in the hippocampus. The cel-
lular level/expression and activity of cathepsins B
and D are increased more predominantly in the cer-
ebellum than in the hippocampus of Npc1�/� mice.
In addition, the cytosolic levels of cathepsins, cyto-
chrome c , and Bax2 are higher in the cerebellum than
in the hippocampus of Npc1�/� mice, suggesting a
role for these enzymes in the degeneration of neu-
rons. This suggestion is supported by our observation
that degeneration of cultured cortical neurons treated
with U18666A, which induces an NPC1-like pheno-
type at the cellular level, can be attenuated by inhibi-
tion of cathepsin B or D enzyme activity. These results
suggest that the increased level/activity and altered
subcellular distribution of cathepsins may be asso-
ciated with the underlying cause of neuronal vul-
nerability in Npc1�/� brains. Therefore , their inhib-
itors may have therapeutic potential in attenuating
NPC pathology. (Am J Pathol 2009, 175:2540–2556; DOI:
10.2353/ajpath.2009.081096)

Niemann-Pick disease type C (NPC) is an autosomal
recessive neurovisceral disorder caused by mutations in
the Npc1 or Npc2 gene. NPC1 is a membrane protein that
contains a sterol-sensing domain and resides primarily in
late endosomes/lysosomes, whereas NPC2 is a soluble
protein that resides primarily in lysosomes.1–4 The loss of
function of either protein results in intracellular accumu-
lation of unesterified cholesterol and glycosphingolipids
within the endosomal-lysosomal (EL) system in a number
of tissues including the brain. In addition, there is evi-
dence that homeostatic responses to exogenously sup-
plied cholesterol and activation of cholesterol esterifica-
tion are severely impaired in cells lacking functional
NPC1. These defects in cholesterol accumulation/ho-
meostasis trigger abnormal liver and spleen function as
well as widespread neurological deficits including ataxia,
dystonia, seizures, and dementia that eventually lead to
premature death.5–9 Interestingly, BALB/cNctr-NpcN/N

mice, which do not express NPC1 protein because of a
spontaneous deletion/insertion mutation in the Npc1
gene, have been shown to recapitulate pathological fea-
tures associated with NPC disease. These Npc1�/� mice
are asymptomatic at birth but gradually develop tremor
and ataxia, dying prematurely at �3 months.10–13 As in
the human disease, Npc1�/� mice show accumulation of
unesterified cholesterol in the EL system and exhibit ac-
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tivation of microglia and astrocytes as well as degrada-
tion of the myelin sheath throughout the central nervous
system. Progressive loss of neurons is particularly evi-
dent in the prefrontal cortex, thalamus, brainstem, and
cerebellum but not in the hippocampal formation.13–18

However, at present, very little is known about the under-
lying mechanisms associated with the vulnerability of
select populations of neurons in Npc1�/� mice.

A number of earlier studies have shown that the EL
system, the major site of cholesterol accumulation in NPC
pathology, consists of two dynamic interrelated cellular
pathways: the endocytic pathway and the lysosomal sys-
tem. Under normal conditions, the EL system serves as
an important site for intracellular protein turnover and
proteolytic processing of certain proteins mediated by
lysosomal hydrolases termed cathepsins.19–21 After their
synthesis in the endoplasmic reticulum, cathepsins bind
to the insulin-like growth factor-II (IGF-II)/mannose
6-phosphate (M6P) receptor on the trans face of the
Golgi complex and are transported in vesicles to the EL
system.22–24 The importance of lysosomal enzymes in the
proper functioning of the EL system is underscored by
the fact that altered synthesis, sorting, or targeting of
lysosomal enzymes is the molecular basis of more than
40 inherited disorders associated with extensive neuro-
degeneration, mental retardation and often progressive
cognitive decline.19,25–27

There is evidence that increased endosome volumes
and/or levels of cathepsins, such as cathepsins B and D,
can mediate cell death by inducing lysosomal destabili-
zation and enzyme leakage into cell cytosol, as is ob-
served during oxidative stress28 and experimental brain
ischemia in primates.29 Conversely, a number of recent
studies have shown that lysosomal enzyme expression/
levels can be up-regulated in the absence of cell death
as a compensatory mechanism to repair damage/inj-
ury.30–33 Thus, it seems that lysosomal enzymes are not
only involved in the degeneration of neurons but also in
the protection of neurons against toxicity in a variety of
experimental as well as pathological paradigms. Al-
though the EL system, the major site of cholesterol ac-
cumulation in NPC1-deficient cells, has been sug-
gested to play a critical role in the development of NPC
pathology,6 – 8 very little is known about the significance
of lysosomal cathepsins in determining neuronal vulner-
ability associated with the disease. To address this issue,
we measured age-related changes in the levels, distribu-
tion, and activity of cathepsins B and D in the hippocampus
and cerebellum of Npc1�/� and age-matched control mice.
In parallel, we evaluated the levels and distribution of the
IGF-II/M6P receptor in Npc1�/� and control mice to estab-
lish whether factors regulating cathepsin bioavailability can
also influence the development of pathological changes. In
addition, using cultured mouse cortical neurons we deter-
mined the significance of cathepsins B and D in the degen-
eration of neurons after accumulation of cholesterol. Our
results reveal that alterations in the levels/activity as well as
subcellular distribution of the lysosomal enzymes may be
one of the underlying mechanisms associated with the se-
lective neuronal vulnerability observed in NPC pathology.

Materials and Methods

Materials

Polyacrylamide electrophoresis gels (4 to 20%) and cell
culture reagents such as Hanks’ balanced salt solution,
fetal bovine serum, Neurobasal media, B27, N2, and
trypsin were purchased from Invitrogen (Burlington,
ON, Canada), and the enhanced chemiluminescence
(ECL) kit was obtained from Amersham (Mississauga, ON,
Canada). Fluoro-Jade C was purchased from Histochem
(Jefferson, AR) and the Qproteome Cell Compartment kit
was from QIAGEN Inc. (Mississauga, ON, Canada). The
cathepsin B assay kit and its inhibitor CA-074 methyl
ester were obtained from Calbiochem (San Diego, CA),
and the cathepsin D assay kit, pepstatin A, lysosomal
isolation kit, and fluorescein isothiocyanate (FITC)-
tagged lectin were purchased from Sigma (Oakville, ON,
Canada). The class II amphiphilic drug U18666A was
purchased from Biomol Research Laboratories (Ply-
mouth, PA). Two different polyclonal IGF-II/M6P receptor
antisera used in this study were obtained as generous
gifts from Dr. C. D. Scott (Kolling Institute of Medical
Research, St. Leonards, Australia) and Dr. R. G. Mac-
Donald (University of Nebraska Medical Center, Omaha,
NE). The characterization and specificity of these two
antisera have been described previously.34,35 Poly-
clonal anti-cathepsin B, anti-lysosomal associated
membrane protein 2, anti-cathepsin D, anti-Bax2, anti-N
cadherin, anti-histone, anti-beclin-1, anti-myelin associ-
ated glycoprotein, and anti-apoptosis-inducing factor
(AIF) were obtained from Santa Cruz Biotechnology (San
Diego, CA). Polyclonal anti-ionizing calcium-binding
adaptor molecule 1 (Iba1) was purchased from Wako
Chemicals (Richmond, VA), and anti-glial fibrillary acidic
protein (GFAP), anti-glyceraldehyde-3-phosphate dehy-
drogenase, anti-calbindin, anti-�-actin, and filipin were
from Sigma. Polyclonal anti-cleaved caspase-3 was from
Cell Signaling (Beverly, MA), neuron-specific marker
NeuroTrace was from Invitrogen, anti-microtubule-asso-
ciated protein1 light chain 3 (LC3), and anti-cytochrome
c were from BD Biosciences (Mississauga, ON, Canada).
Secondary antisera such as donkey anti-goat Texas Red,
anti-rabbit FITC, and anti-mouse FITC were from Jackson
ImmunoResearch Laboratories (West Grove, PA). All
other chemicals were from either Sigma or Fisher Scien-
tific (Whitby, ON, Canada).

Npc1�/� and Control Mice

The age-matched control and Npc1�/� mice were ob-
tained from a breeding colony of BALB/cNctr-NpcN/�

mice established at the University of Alberta after the
original breeding pairs were purchased from The Jack-
son Laboratory (Bar Harbor, ME). The mice were main-
tained under temperature-controlled conditions with a
12-hour light, 12-hour dark cycle according to institu-
tional guidelines and were supplied with food and water
ad libitum. Because Npc1�/� mice do not produce off-
spring, Npc1 heterozygous (Npc1�/�) mice were used to
generate Npc1�/� and controls (Npc1�/�). The Npc1
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genotype was determined from tail clippings by PCR
analysis of genomic DNA.11 Npc1�/� and control mice
from three different age groups (4, 7, and 10 weeks old)
were sacrificed by decapitation, their brains were rapidly
removed, and areas of interest (prefrontal/frontal cortex,
hippocampus, and cerebellum) were dissected and fro-
zen immediately in dry ice for biochemical assays. For
light microscopic histological studies, Npc1�/� and con-
trol mice (4, 7, and 10 weeks old) were anesthetized with
4% chloral hydrate and then perfused intracardially with
PBS (0.01 M, pH 7.4), followed by 4% paraformaldehyde
or Bouin’s solution. Brains were sectioned (20 or 40 �m)
on a cryostat and collected in a free-floating manner for
further processing. For electron microscopic studies, 4
week-old control and Npc1�/� mice (two animals per
group) were perfused with PBS, followed by 4% parafor-
maldehyde and 2% glutaraldehyde solution. The brains
were then postfixed with the same fixative for 4 hours at
4°C, washed in PBS, and processed for electron
microscopy.

Mouse Cortical Neuron Cultures

Timed-pregnant BALB/c mice were obtained from
Charles River (St. Constant, QC, Canada) and main-
tained according to institutional guidelines. Primary cor-
tical cultures were prepared from 17-day-old fetuses as
described previously.36 In brief, the frontoparietal cortical
area was dissected in Hanks’ balanced salt solution sup-
plemented with 15 mmol/L HEPES, 10 U/ml penicillin, and
10 �g/ml streptomycin and digested with 0.25% trypsin.
A cell suspension was then prepared in Neurobasal me-
dium supplemented with 1% fetal bovine serum, 2% B27,
50 �mol/L glutamine, 15 mmol/L HEPES, 10 U/ml peni-
cillin, and 10 �g/ml streptomycin and neurons were
plated at a density of 5 to 8 � 105 cells/ml in 6- or 96-well
plates or on poly-D-lysine-coated coverslips. The me-
dium was replaced 1 day later with the same medium
without glutamine and fetal bovine serum. Five days after
plating cortical neurons were treated with various con-
centrations (0.1 to 50 �g/ml) of U18666A for different
periods of time (6 to 96 hours) and then processed to
assess cholesterol accumulation, neuronal viability, and
activity of cathepsins B and D. In a separate series of
experiments, cultured cortical neurons were exposed to 5
�g/ml U18666A in the presence or absence of various
concentrations of either cathepsin D inhibitor pepstatin A
(1 to 50 �mol/L), cathepsin B inhibitor CA-074 methyl
ester (0.05 to 1 �mol/L), or a combination of the two
inhibitors. After a 24-hour incubation, cultured neurons
were processed to detect the presence of glial cells and
to measure neuronal viability, activity of cathepsins B and
D, and subcellular distribution of these enzymes using
the Qproteome Cell Compartment kit.

Viability of Cultured Neurons

Viability of neurons was assessed using a colorimetric
assay that converts 3-(4,5-dimethylthiozolyl)-2,5-diphe-
nyl-tetrazolium bromide (MTT) from yellow to a blue

formazan crystal by dehydrogenase enzymes in metabol-
ically active cells. In brief, control and treated neuronal
culture medium from various experimental paradigms
was replaced with new medium containing 0.25% MTT
and cells were incubated for 2 hours in a CO2 incubator
at 37°C. The reaction was terminated, and cultures were
assessed spectrophotometrically at 570 nm.37 The ex-
periment was repeated 3 times in triplicate. In a parallel
series of experiments, neuronal apoptosis was assessed
using the nuclear marker Hoechst 33258 as described
earlier.38 In brief, control and U18666A-treated cultures
were fixed with 4% paraformaldehyde for 20 minutes,
washed in PBS and then stained with Hoechst 33258 (50
ng/ml) for 10 minutes. The chromatin staining pattern was
analyzed for individual cells under a Zeiss Axioskop-2
fluorescent microscope. The percentage of apoptotic
cells was calculated by counting condensed/fragmented
nuclei relative to the total number of cells. The data,
which are presented as means � SEM, were analyzed
using one way analysis of variance followed by Dunnett’s
multiple comparisons test (GraphPad Software, San Di-
ego, CA) with significance set at P � 0.05.

Determination of Lipid Mass

To determine cholesterol levels, hippocampal and cere-
bellar tissues from 4-, 7-, and 10-week-old Npc1�/� and
control mice were homogenized and then digested for 2
hours at 30°C with phospholipase C. Tridecanoin (20 ng)
was added as an internal standard, and lipids were ex-
tracted. The mass of cholesterol was determined using
gas-liquid chromatography as described earlier.39,40

Filipin Staining

Filipin specifically labels unesterified cholesterol.41 Sec-
tions from Npc1�/� and control mouse brains, as well as
U18666A-treated cortical cultured neurons, were washed
with 0.01 M PBS and then incubated in the dark with 125
�g/ml filipin in PBS for 3 hours under agitation at room
temperature. Stained sections were examined using a
Zeiss Axioskop-2 microscope.

Fluoro-Jade C Staining

Fluoro-Jade C labels degenerating neurons, dendrites,
and axons.42 Sections from Npc1�/� and control mouse
brains were processed sequentially with 70% alcohol,
distilled water, and 0.06% potassium permanganate so-
lution. Subsequently, the sections were incubated with
0.0001% Fluoro-Jade C in 0.1% acetic acid for 10 min-
utes at room temperature, washed with distilled water,
cleared with xylene, mounted, and examined using a
Zeiss Axioskop-2 microscope.

Activity Assay of Cathepsins B and D

The hippocampus and cerebellum of 4-, 7-, and 10-week-
old Npc1�/� and control mice (four to six animals per
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group), as well as cultured mouse cortical neurons from
various experimental paradigms, were homogenized on
ice and then centrifuged (12,000 � g, 4°C, 10 minutes) to
yield the supernatant. The protein was measured by a
BCA protein assay kit (Pierce, Rockford, IL), equalized,
and then activities of cathepsins B and D were measured
using fluorogenic immunocapture activity assay kits ac-
cording to the manufacturer’s instructions.

Electron Microscopy

Parasagittal sections from the cerebellum and coronal
sections from the hippocampus were cut on a Vibratome
(200 �m), postfixed in 2% osmium tetroxide and 3%
FeCN for 1 hour at 4°C, washed in maleate buffer (pH 6),
counterstained in 1% uranyl acetate, washed in maleate
buffer, dehydrated in ascending alcohol, and embedded
in Araldite. Ultrathin sections (80 nm) were cut on an
ultramicrotome (Leica EMUC6) and then collected on
uncoated nickel grids. Sections were further counter-
stained with uranyl acetate and lead citrate before obser-
vation with a transmission electron microscope (CM10,
Philips, Eindhoven, The Netherlands) as described earl-
ier.43 Ten Purkinje cells and 10 pyramidal neurons from
both Npc1�/� and Npc1�/� mice were randomly chosen
under the electron microscope and subjected to quanti-
fication. The number of lysosomes/cytoplasmic area for
each cell was calculated using ImageJ software (NIH,
Bethesda, MD). Differences between Npc1�/� and
Npc1�/� Purkinje cells and pyramidal cells were exam-
ined for statistical significance using one-way analysis of
variance with an unpaired Student’s t test with signifi-
cance set at P � 0.001. The data are expressed as
mean � SEM for each group.

Immunoblotting

Brain tissues (cortex, hippocampus, and cerebellum)
from Npc1�/� and control mice of 4, 7, and 10 weeks of
age (four to six animals per group) were homogenized in
ice-cold radioimmunoprecipitation assay-lysis buffer
(20 mmol/L Tris-HCl [pH 8], 150 mmol/L NaCl, 0.1%
SDS, 1 mmol/L EDTA, 1% Igepal CA-630, 50 mmol/L
NaF, 1 mmol/L NaVO3, 10 �g/ml leupeptin, and 10 �g/ml
aprotinin). The proteins were separated by 4 to 20%
polyacrylamide gel electrophoresis and then transferred
to nitrocellulose membranes. The membranes were
blocked for 1 hour with 5% nonfat milk in 10 mmol/L
Tris-HCl (pH 8.0), 150 mmol/L NaCl, and 0.2% Tween 20
(TBST), and incubated overnight at 4°C with anti-cathe-
psin D (1:200), anti-cathepsin B (1:200), anti-IGF-II/M6P
receptor (1:1000), anti-LC3 (1:500), and anti-beclin-1 (1:
200) antibodies. Membranes were then incubated with
appropriate horseradish peroxidase-conjugated second-
ary antibodies (1:5000), and immunoreactive proteins
were visualized using an ECL detection kit. Blots were
subsequently reprobed with anti-�-actin (1:1000) and
quantified using an MCID image analysis system.44 The
levels of various markers were normalized to �-actin
present in each band. The data, which are presented as

means � SEM, were analyzed using one-way analysis of
variance followed by Newman-Keuls post hoc analysis
with significance set at P � 0.05.

Immunostaining

Brain sections from different age groups of Npc1�/� and
control mice (three to five animals per group) were pro-
cessed following the free-floating procedure as de-
scribed earlier.45,46 For the enzyme-linked procedure,
40-�m sections were washed in PBS, treated with 1%
hydrogen peroxide for 30 minutes, and then incubated
overnight at room temperature with rabbit anti-IGF-II/M6P
receptor (1:3000), goat anti-cathepsin D (1:200), or goat-
anti-cathepsin B (1:200) antiserum. Sections were then
washed with PBS, exposed to horseradish peroxidase-
conjugated secondary antibodies for 1 hour, and devel-
oped using the glucose oxidase-nickel enhancement
method. Immunostained sections were examined and
photographed using a Zeiss Axioskop-2 microscope.

For double immunofluorescence staining, 20 �m brain
sections from Npc1�/� and control mice of different age
groups were incubated overnight with a combination of
anti-IGF-II/M6P receptor (1:1000), anti-cathepsin D (1:200),
anti-cathepsin B (1:200), anti-Iba1 (1:1500), anti-GFAP (1:
1000) or anti-cleaved caspase-3 (1:200), anti-myelin asso-
ciated glycoprotein (1:200), FITC-tagged lectin (1:500),
anti-calbindin (1:3000) antisera, or NeuroTrace (1:300). Be-
cause anti-IGF-II/M6P receptor and anti-Iba1 antisera were
raised in rabbit, we used FITC-tagged lectin along with
anti-IGF-II/M6P receptor antiserum to establish the possible
localization of the receptor on the activated microglia. After
incubation, sections were rinsed with PBS, exposed to
Texas Red- or FITC-conjugated secondary antibodies (1:
200) for 2 hours at room temperature, washed, and cover-
slipped with Vectashield mounting medium. In a parallel
series of experiment, cortical cultured neurons were first
labeled with anti-GFAP (1:1000) or anti-Iba1 (1:500) and
then stained with the neuronal marker NeuroTrace (1:300).
Immunostained sections were examined under a Zeiss
Axioskop-2 fluorescence microscope, and photomicro-
graphs were taken with a Nikon 200 digital camera.

Subcellular Fractionation

The hippocampus, cortex, and cerebellum of 4-, 7-, and
10-week-old Npc1�/� and control mice (four to six ani-
mals per group) were homogenized in cold PBS and then
fractionated, using the Qproteome Cell Compartment kit,
into cytoskeletal, cytosol, membrane, and nuclear pro-
teins. Subcellular fractions were equalized and immuno-
blotted with anti-cathepsin D (1:200), anti-cathepsin B
(1:200), anti-Bax2 (1:200), anti-AIF (1:200), or anti-cyto-
chrome c (1:1000) antiserum. In a separate series of
experiments, cultured mouse cortical neurons from vari-
ous experimental paradigms were homogenized, frac-
tionated using the Qproteome Cell Compartment kit and
then processed for immunoblotting with anti-cathepsin D
(1:200) and anti-cathepsin B (1:200) antibodies. Mem-
branes from both experiments were then washed with
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TBST, incubated with appropriate horseradish peroxi-
dase-conjugated secondary antibodies (1:5000), and
visualized using an ECL detection kit. Blots were subse-
quently reprobed with anti-N cadherin (1:200), anti-glyc-
eraldehyde-3-phosphate dehydrogenase (1:1000), anti-
histone (1:1000), or anti-�-actin (1:1000) antisera. In a
parallel series of experiment, the hippocampus and cer-
ebellum of 7-week-old Npc1�/� and control mice (two
animals per group) were homogenized in cold PBS and
fractionated using the lysosomal isolation kit into lysoso-
mal and cytosolic fractions. The proteins were equalized,
processed for Western blotting using either anti-cathep-
sin B (1:200) or anti-cathepsin D (1:200) antibodies and
then reprobed with anti-lysosomal associated membrane
protein 2 antiserum as described above. All blots were
quantified using an MCID image analysis system33 and
the data, which are presented as means � SEM, were
analyzed using one-way analysis of variance followed by
Newman-Keuls post hoc analysis with significance set at
P � 0.05.

Results

Altered Cholesterol Distribution and Loss of
Neurons in Npc1�/� Mice

In keeping with earlier results,41,47 filipin-labeled choles-
terol was evident in almost all neurons of the hippocam-
pus, cortex, and cerebellum of Npc1�/� mice. The total
cholesterol content, on the other hand, was not signifi-
cantly different either in the hippocampus or cerebellum
of Npc1�/� mice compared with controls in any age
group (Supplemental Figures S1 and S2, see http://ajp.
amjpathol.org). It is possible that cholesterol mass, as
reported by Karten et al,47 may accumulate in cell bodies
and is reduced in axons of NPC1-deficient neurons. We
then assessed the degeneration of neurons by Fluoro-
Jade C and cleaved caspase-3 staining and evaluated
the levels of two well established autophagy markers,
LC3 and beclin-1, in the hippocampal and cerebellar
regions of 4-, 7-, and 10-week-old Npc1�/� and control
mice. Our results showed Fluoro-Jade C and cleaved
caspase-3-labeled cells in the cerebellum but not in the
hippocampus of the Npc1�/� mouse brains. Some
Fluoro-Jade C-labeled neurons were also apparent in the
prefrontal cortical region of the Npc1�/� mouse brains
(Supplemental Figures S1 and S2, see http://ajp.amjpathol.
org). More of these degenerating cells were present at 4
and 7 weeks, but very few were observed in the 10-week-
old cerebellum of Npc1�/� mouse brains. As for the
autophagy marker LC3, it is known that after induction of
autophagy this protein is modified from its cytosolic LC3-I
form to a rapidly migrating, lipid-conjugated LC3-II form
associated with autophagosomal membranes.48,49 Be-
clin-1, on the other hand, is part of the class III phosphati-
dyl-inositol-3 kinase complex that participates in auto-
phagosome formation.50 Our results showed that levels
of LC3-II and, to some extent, those of beclin-1 are in-
creased in both the cerebellum and hippocampus of
Npc1�/� mice compared with controls (Supplemental

Figure S1, see http://ajp. amjpathol.org). Concomitant with
the loss of neurons, we observed an up-regulation of
reactive astrocytes and activated microglia in the hip-
pocampus and cerebellum of Npc1�/� mice compared
with age-matched controls. In addition, the density of
myelinated fibers progressively decreased between 4
and 10 weeks in the Npc1�/� mouse brains (Supplemen-
tal Figure S1, see http://ajp.amjpathol.org).

Altered Lysosomes in Npc1�/� Mice

To determine whether lysosomes, the major site of
cholesterol accumulation in NPC1-deficient cells, are
differentially altered in NPC pathology, we evaluated
ultrastructural features of hippocampal neurons and cer-
ebellar Purkinje cells in Npc1�/� and Npc1�/� mice using
conventional electron microscopic procedures (Figure 1,
A–E). Both hippocampal and cerebellar neurons in
Npc1�/� mice display no obvious morphological
changes (Figure 1, A and C). These neurons contained
rare primary lysosomes (see insets) characterized by a
homogeneous electron-dense granular content. In
Npc1�/� mice the Purkinje cells were shrunken and
clearly distinguishable on the basis of their intense elec-
tron density. The cell body contained severe cytoplasmic
vacuolization and a dark nucleus (Figure 1D). The pyra-
midal neurons, on the other hand, were less severely
affected, with mild cytoplasm vacuolization and no signs
of nuclear alterations (Figure 1B). Interestingly, the num-
ber and area occupied by secondary lysosomes with
heterogeneous dark content and numerous concentric
lamellar bodies were increased in both hippocampal and
cerebellar neurons in Npc1�/� mice, but it was more
striking in Purkinje cells than in pyramidal neurons (Figure
1, B, D, and E).

Lysosomal Enzymes in Npc1�/� Mice

To examine the possible involvement of lysosomal en-
zymes in NPC pathology, we evaluated the levels, activ-
ity, and expression of cathepsin B (Figures 2 and 3,
Supplemental Figure S2, see http://ajp.amjpathol.org) and
cathepsin D (Figures 4 and 5, Supplemental Figure S2,
see http://ajp.amjpathol.org) in the hippocampus, cere-
bellum, and cortex of 4-, 7-, and 10-week-old Npc1�/�

mice compared with controls. Our data revealed that
cathepsin B (Figures 2, A–C, and 3, A–C, Supplemental
Figure S2, see http://ajp.amjpathol.org) and cathepsin D
(Figures 4, A–C, and 5, A–C, Supplemental Figure S2,
see http://ajp.amjpathol.org) levels and activity were sig-
nificantly higher in the hippocampus, cerebellum, and
cortex of Npc1�/� mice compared with those in age-
matched controls. Notably, the changes were more
prominent in the cerebellum and cortex than in the hip-
pocampus of the Npc1�/� mice at all ages.

At the cellular level, cathepsin B and D immunoreac-
tivity in control mice was widely but selectively distrib-
uted, mostly in neurons of the brain. The hippocampal
formation exhibited intense lysosomal enzyme immuno-
reactivity, primarily in CA1 to CA3 pyramidal neurons and
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granule cells of the dentate gyrus. Occasionally, cathep-
sin B- and D-immunoreactive neurons were apparent in
the strata oriens and stratum radiatum along with strongly
labeled polymorphic neurons in the hilus region of the
dentate gyrus (Figures 2D and 4D). Lysosomal enzyme
immunoreactivity was detected in all layers of the cortex
with varying degrees of intensity, including high expres-
sion in layers IV to VI and moderate expression in layers
II to III (Supplemental Figure S2, see http://ajp.amjpathol.
org). In the cerebellar region, most Purkinje cells and
neurons of the deep cerebellar nuclei showed high levels
of cathepsins B and D expression, whereas the granule
cell layer displayed moderate immunoreactivity in control
brains (Figures 3D and 5D). In Npc1�/� mouse brains,
cathepsin B (Figures 2, E and F, and 3, E and F,
Supplemental Figure S2, see http://ajp.amjpathol.org)
and cathepsin D (Figures 4, E and F, and 5, E and F,
Supplemental Figure S2, see http://ajp.amjpathol.org) im-
munoreactivity was evident in hippocampal, cortical, and
cerebellar neurons as well as in glial cells. In some neu-

rons lysosomal enzyme immunoreactivity was confined to
the apical regions of the cell soma. In addition, a moder-
ate increase in cathepsin B and D immunoreactivity was
noted in the neurons of the hippocampus, cortex, and
deep cerebellar nuclei as well as in Purkinje cells in
Npc1�/� mice compared with controls. At the cellular
level, cathepsin B and D immunoreactivity in cerebellar
Purkinje cells seemed to be more punctate in control
compared with Npc1�/� mouse brains (Supplemental
Figure S3, see http://ajp.amjpathol.org). The cerebellar
granule cells, on the other hand, did not exhibit any
marked alteration in lysosomal enzyme immunoreactivity.
Our double-labeling studies further revealed that all acti-
vated microglia, but not reactive astrocytes, in the hip-
pocampal, cortical, and cerebellar regions of Npc1�/�

mouse brains expressed cathepsin B (Figures 2, G–R,
and 3, G–R, Supplemental Figure S2, see http://ajp.
amjpathol.org) and cathepsin D (Figures 4, G–R, and 5,
G–R, Supplemental Figure S2, see http://ajp.amjpathol.org).

Figure 1. A and B: Photomicrographs showing
the ultrastructure of hippocampal pyramidal
cells in 4-week-old (wks) control (Npc1�/�; A)
and Npc1�/� (B) mice. In Npc1�/� mice (A) the
pyramidal cell shows the classical ultrastructural
morphology characterized by large round nu-
cleus surrounded by a clear cytoplasm contain-
ing organelles and sparse primary lysosomes
(insets 1 and 2). In Npc1�/� mice (B) there is
no evidence of cell degeneration, but the num-
ber of lysosomes is relatively higher, and they
are characterized by dense concentric lamellar
bodies of various sizes and densities (insets 3
and 4). The areas indicated by the rectangles
and the numbers are shown at higher magnifi-
cation in the insets. C and D: Photomicro-
graphs showing the ultrastructure of cerebellar
Purkinje cells in 4-week-old control (Npc1�/�;
C) and Npc1�/� (D) mice. In Npc1�/� mice (C)
a Purkinje cell shows the classic ultrastructural
morphology characterized by a round large nu-
cleus, a clear cytoplasm with organelles, and
sparse primary lysosomes (inset 5). In Npc1�/�

mice (D) note the evident degeneration of the
cell characterized by nuclear condensation and
accumulation of lysosomes and vacuoles. Both
primary (inset 10) and secondary lysosomes
are present in the cytoplasm. In particular, note
the large secondary lysosomes with heteroge-
neous dark content, dense concentric lamellar
bodies, and granules of various sizes and den-
sities (insets 6–8 and 9–11). The areas indi-
cated by the rectangles and the numbers are
shown at higher magnification in the insets. E:
Histograms showing the number of lysosomes/
cytoplasmic area in hippocampus and cerebel-
lum of Npc1�/� and Npc1�/� mice. A signifi-
cant increase in the number of lysosomes was
observed in the hippocampus and cerebellum
of Npc1�/� mice. The increase is more evident
in Purkinje cells than in pyramidal cells. Hippo,
hippocampus; Cere, cerebellum. Scale bars: 1
�m (A and B); 250 nm (insets 1–4); 1 �m (C
and D); 250 nm (inset 5); 500 nm (insets
6–8/9 and 11); 250 nm (inset 10). ***P � 0.001.
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IGF-II/M6P Receptor in Npc1�/� Mice

Earlier studies have shown that after their synthesis in the
endoplasmic reticulum, lysosomal enzymes are trans-
ported to the EL system by binding to the IGF-II/M6P
receptor.22–24 To determine whether altered lysosomal
enzyme levels in Npc1�/� mice are associated with par-

allel changes in IGF-II/M6P receptors, we examined the
level/expression of the receptor in the hippocampus
and cerebellum of Npc1�/� mice (Figure 6). Western
blotting showed that the IGF-II/M6P receptor did not
exhibit any significant alterations either in the hip-
pocampus or cerebellum of Npc1�/� mice at any stage
(Figure 6, A–D).

Figure 2. A–C: Immunoblot (A and B) and enzyme activity (C) assays showing increased levels and activity of cathepsin B in the hippocampus of 4-, 7- and
10-week-old (wks) Npc1�/� mouse brains compared with age-matched controls (Npc1�/�). Histograms represent quantification of cathepsin B levels/activity
from at least three separate experiments, each of which was replicated two to three times. D–F: Photomicrographs showing the cellular distribution of the
cathepsin B in the hippocampus of the control (Npc1�/�; D) and 4-week-old (E) and 10-week-old (F) Npc1�/� mice. Note the relative change in intensity and
distribution of cathepsin B immunoreactivity in the hippocampus of Npc1�/� mouse brains. G–R: Double immunofluorescence photomicrographs of control
(Npc1�/�; G, J, M, and P) and 4-week-old (H, K, N, and Q) and 10-week-old (I, L, O, and R) Npc1�/� mouse hippocampus showing the possible colocalization
of cathepsin B (G–I and M–O) with GFAP-labeled astrocytes (J–L) and Iba1-labeled microglia (P–R). In Npc1�/� hippocampus a number of microglia (N, Q, O,
and R) but not astrocytes (H, K, I, and L) exhibit cathepsin B immunoreactivity (arrows). Cat B, cathepsin B. Scale bar � 25 �m. *P � 0.05; **P � 0.01.
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At the cellular level, IGF-II/M6P receptor immunore-
activity in control mouse brains was evident primarily in
the neurons. In the hippocampus, intense receptor
immunoreactivity was apparent in the CA1 to CA3 py-
ramidal cell layer (Figure 6E) and in a few medium-

sized neurons scattered in the strata oriens and stra-
tum radiatum. Within the dentate gyrus, granule cell
somata were outlined by a fine mesh of weakly stained
puncta and occasional strongly labeled neurons (Fig-
ure 6E). In the cerebellum, immunoreactivity was evi-

Figure 3. A–C: Immunoblot (A and B) and enzyme activity (C) assays showing increased levels and activity of cathepsin B in the cerebellum of 4-, 7-, and
10-week-old (wks) Npc1�/� mouse brains compared with age-matched controls (Npc1�/�). Histograms represent quantification of cathepsin B levels/
activity from at least three separate experiments, each of which was replicated two to three times. D–F: Photomicrographs showing the cellular distribution
of the cathepsin B in the cerebellum of the control (Npc1�/�; D) and 4-week-old (E) and 10-week-old (F) Npc1�/� mice. Note the relative change in
intensity and distribution of cathepsin B immunoreactivity in the cerebellum of Npc1�/� mouse brains. G–R: Double immunofluorescence photomicro-
graphs of control (Npc1�/�; G, J, M, and P) and 4-week-old (H, K, N, and Q) and 10-week-old (I, L, O, and R) Npc1�/� mouse cerebellum showing the
possible colocalization of cathepsin B (G–I and M–O) with GFAP-labeled astrocytes (J–L) and Iba1-labeled microglia (P–R). In Npc1�/� cerebellum a
number of microglia (N, Q, O, and R) but not astrocytes (H, K, I, and L) exhibit cathepsin B immunoreactivity (arrows). Cat B, cathepsin B. Scale bar �
25 �m. **P � 0.01.
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dent in the Purkinje cells as well as the granule cell
layer (Figure 6F). Double immunolabeling experiments
of control mouse brains revealed that i) IGF-II/M6P
receptor colocalized with all cathepsin-positive neu-
rons in both the hippocampus (Figure 6, I and J) and

cerebellum (Figure 6, K and L), and ii) occasionally
some astrocytes, but not microglia, expressed the re-
ceptor (data not shown). In contrast with controls, we
observed a decrease in IGF-II/M6P receptor immuno-
reactivity in neurons of 7- and 10-week-old Npc1�/�

Figure 4. A–C: Immunoblots (A and B) and enzyme activity (C) assays showing increased levels and activity of cathepsin D in the hippocampus of 4-, 7-, and
10-week-old (wks) Npc1�/� mouse brains compared with age-matched controls (Npc1�/�). Histograms represent quantification of cathepsin D levels/activity
from at least three separate experiments, each of which was replicated two to three times. D–F: Photomicrographs showing the cellular distribution of the
cathepsin D in the hippocampus of the control (Npc1�/�; D) and 4-week-old (E) and 10-week-old (F) Npc1�/� mice. Note the relative change in intensity and
distribution of cathepsin D immunoreactivity in the hippocampus of Npc1�/� mouse brains. G-R: Double immunofluorescence photomicrographs of control
(Npc1�/�; G, J, M, and P) and 4-week-old (H, K, N, and Q) and 10-week-old (I, L, O, and R) Npc1�/� mouse hippocampus showing the possible colocalization
of cathepsin D (G–I and M–O) with GFAP-labeled astrocytes (J–L) and Iba1-labeled microglia (P–R). In Npc1�/� hippocampus a number of microglia (N, Q, O,
and R) but not astrocytes (H, K, I, and L) exhibit cathepsin D immunoreactivity (arrows). Cat D, cathepsin D. Scale bar � 25 �m. *P � 0.05; **P � 0.01.
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mice (Figure 6, G and H). In addition, the majority of
reactive astrocytes (Figure 6, O, P, S, and T) but not
activated microglia (Figure 6, M, N, Q, and R), located
in the hippocampus and cerebellum of Npc1�/� mice,
showed IGF-II/M6P receptor immunoreactivity.

Lysosomal Enzymes and Loss of Neurons in
Npc1�/� mice

A number of studies have shown that up-regulation of
lysosomal enzymes may represent a protective response

Figure 5. A–C: Immunoblots (A and B) and enzyme activity (C) assays showing increased levels and activity of cathepsin D in the cerebellum of 4-, 7-, and
10-week-old (wks) old Npc1�/� mouse brains compared with age-matched controls (Npc1�/�). Histograms represent quantification of cathepsin D levels/activity
from at least three separate experiments, each of which was replicated two to three times. D–F: Photomicrographs showing the cellular distribution of the
cathepsin D in the cerebellum of the control (Npc1�/�; D) and 4-week-old (E) and 10-week-old (F) Npc1�/� mice. Note the relative change in intensity and
distribution of cathepsin D immunoreactivity in the cerebellum of Npc1�/� mouse brains. G-R: Double immunofluorescence photomicrographs of control
(Npc1�/�; G, J, M, and P) and 4-week-old (H, K, N, and Q) and 10-week-old (I, L, O, and R) Npc1�/� mouse cerebellum showing the possible colocalization
of cathepsin D (G–I and M–O) with GFAP-labeled astrocytes (J–L) and Iba1-labeled microglia (P–R). In Npc1�/� cerebellum a number of microglia (N, Q, O,
and R) but not astrocytes (H, K, I, and L) exhibit cathepsin D immunoreactivity (arrows). Cat D, cathepsin D. Scale bar � 25 �m. **P � 0.01; ***P � 0.001.
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to overcome abnormal protein accumulation, or alternatively
may lead to loss of cell viability. In general, increased en-
zyme activity within lysosomes or limited release of en-
zymes into the cytosol can prevent sublethal dam-
age,32,33,51 whereas lysosomal rupture or membrane
destabilization, leading to sustained release of enzymes
into the cytosol, can induce cell death directly or indirectly
via cytochrome c release from mitochondria.20,28,52 Once in

the cytosol, cytochrome c associates with Apaf-1, forming
an apoptosome complex that, in the presence of dATP/ATP,
is capable of activating caspase-9 followed by caspase-3,
leading to cell death.51,53,54 Lysosomal enzymes can in-
duce mitochondrial permeability either by activating phos-
pholipase A255 or by cleaving the Bcl-2 family member Bid,
which in its truncated form translocates to mitochondria, result-
ing in Bax/Bak activation.56,57 There is also evidence that dam-

Figure 6. A–D: Immunoblots and respective
histograms showing that IGF-II/M6P receptor
levels are not significantly altered in the hip-
pocampus (A and C) or cerebellum (B and D) of
4-, 7-, and 10-week-old (wks) Npc1�/� mouse
brains compared with age-matched controls
(Npc1�/�). Histograms represent quantification
of the IGF-II/M6P receptor level from at least
three separate experiments, each of which was
replicated two to three times. E–H: Photomicro-
graphs showing the cellular distribution of the
IGF-II/M6P receptor in the hippocampus (E and
G) and cerebellum (F and H) of the control
(Npc1�/�; E and F) and 10-week-old (G and H)
Npc1�/� mice. Note the relative change in in-
tensity and distribution of the IGF-II/M6P recep-
tor immunoreactivity in the hippocampus and
cerebellum of Npc1�/� mouse brains. I–L: Dou-
ble immunofluorescence photomicrographs of
control mouse hippocampus (I and J) and cer-
ebellum (K and L) showing the colocalization
(arrows) of the IGF-II/M6P receptor (I and K)
with cathepsin B (J) and cathepsin D (L) immu-
noreactivity. M–T: Double immunofluorescence
photomicrographs of control (Npc1�/�; M, N,
O, and P) and 10-week-old (Q, R, S, and T)
Npc1�/� mouse hippocampus (M, N, Q, and R)
and cerebellum (O, P, S, and T) showing the
possible colocalization of the IGF-II/M6P recep-
tor (M, Q, O, and S) with lectin-labeled micro-
glia (N and R) and GFAP-labeled astrocytes (P
and T). A number of astrocytes (S and T)(ar-
rows) but not microglia (Q and R) exhibit IGF-
II/M6P receptor immunoreactivity in Npc1�/�

mice. Cat B, cathepsin B; Cat D, cathepsin D.
IGF-II/M6PR, IGF-II/M6P receptor. Scale bar �
25 �m.
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age to mitochondria may cause release of other factors such
as AIF, which can trigger cell death in a caspase-independent
manner after its translocation to the nucleus.58

To establish the role of cathepsins in selective vulner-
ability of neurons in Npc1�/� mice, we first determined
the subcellular (cytoskeletal, cytosolic, membrane, and
nuclear) distribution of cathepsins B and D in the hip-
pocampal, cortical, and cerebellar regions of 4-, 7-, and
10-week-old Npc1�/� and age-matched control mice.
Our results revealed that cytosolic cathepsins B and D
levels were markedly higher in the cerebellum and cortex
than in the hippocampus of 4-, 7-, and 10-week-old
Npc1�/� mice compared with controls (Figure 7, A–F,
Supplemental Figure S2, see http://ajp. amjpathol.org;
only 7-week data are shown). Within the cerebellum, the
levels of the cytosolic cathepsins were relatively higher in
all age groups but were more evident in 7- and 10-week-
old Npc1�/� mice than in 4-week-old Npc1�/� mice.
Similar to cathepsins, the levels of cytochrome c and
Bax2, but not those of AIF, were increased predominantly
in the cerebellar cytosolic fraction of 7- and 10-week-old

Npc1�/� mice. In contrast to the cerebellum, we did not
observe any drastic changes in the levels of cytochrome
c, Bax2, or AIF in the hippocampus of Npc1�/� mice (Fig-
ure 7, A–D). To validate these results we fractionated lyso-
somal and cytosolic proteins from the hippocampus and
cerebellum of 7-week-old Npc1�/� and control mice using
the lysosomal isolation kit and then measured the levels of
cathepsin D. Our results clearly showed that levels of ca-
thepsin D were higher in the lysosomal fractions isolated
from hippocampal and cerebellar regions of Npc1�/� mice
compared with those of age-matched controls. Further-
more, the cytosolic levels of this enzyme were found to be
markedly higher in the cerebellum than in the hippocampus
of Npc1�/� mouse brains (Figure 7, G and H).

Lysosomal Enzymes and U18666A-Induced
Loss of Cultured Neurons

Earlier studies have shown that the class 2 amphiphile
U18666A can induce cell death by altering the trafficking

Figure 7. A–D: Immunoblots (A and B) and
respective histograms (C and D) showing sub-
cellular distribution of cathepsin B, cathepsin D,
cytochrome c, Bax2, and AIF in the hippocam-
pus and cerebellum of 7-week-old control and
Npc1�/� mice. The subcellular fractions were
prepared using Qproteome Cell Compartment
kit. Note the relatively higher cytosolic levels of
cathepsins, cytochrome c, and Bax2 in the cer-
ebellum compared with hippocampus. No
marked alterations in AIF levels were evident in
Npc1�/� mice compared with controls. Histo-
grams represent quantification of cathepsins, cy-
tochrome c, and Bax2 levels from at least three
separate experiments, each of which was repli-
cated two times. E and F: Immunoblot and cor-
responding histogram showing changes in the
subcellular levels of cathepsin D in the hip-
pocampus and cerebellum of 7-week-old con-
trol and Npc1�/� mouse brains run on the same
gel. Note the relative increase in the cytosolic
cathepsin D level in the cerebellum compared
with that in the hippocampus. G and H: Immu-
noblot showing cytosolic and lysosomal levels
of cathepsin D in the hippocampus and cerebel-
lum of 7-week-old control (G) and Npc1�/� (H)
mouse brains. The lysosomal and cytosolic frac-
tions were prepared using a lysosomal isolation
kit. Note the relatively higher cytosolic levels
of cathepsin D in the cerebellum compared
with hippocampus. Cat B, cathepsin B; Cat D,
cathepsin D; Cere, cerebellum; Cyto c, cyto-
chrome c; CYTO, cytoplasmic; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; Hippo,
hippocampus; MB, membrane; NUC, nuclear,
SKT, cytoskeletal.
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as well as the accumulation of cholesterol, thereby reca-
pitulating the NPC1 phenotype.53,59,60 We therefore used
U18666A-induced toxicity in cultured mouse neurons
from the cortex, an area known to be affected in NPC
pathology, to determine the significance of cathepsins B
and D in the degeneration of neurons in NPC disease
(Figure 8, A–K). Our results showed that cultured mouse
cortical neurons, which contain �10% glial cells (Supple-
mental Figure S3, see http://ajp.amjpathol.org) were vul-
nerable to U18666A-induced toxicity, as evident by a
reduction in MTT values and the concurrent decrease in
viable neurons after Hoechst 33258 nuclear staining (Fig-
ure 8, A–E). A concentration-dependent (0.1 to 50 �g/ml)
effect of U18666A over a 24-hour treatment revealed a
significant progressive decrease in MTT values from a
dose of 1 �g/ml upward. Exposure of cultured neurons to
5 �g/ml U18666A decreased MTT values in a time-de-
pendent (6 to 72 hours) manner, with a marked reduction
in cell viability observed after 12 hours of treatment (Fig-
ure 8, A and B). The toxicity of U18666A on cortical
cultured neurons was supported by an increased number
of Hoechst 33258-positive apoptotic neurons (Figure 8,
C–E). Accompanying the toxicity, filipin-labeled choles-

terol was increased in cultured neurons after 24 hours of
treatment with 5 �g/ml U18666A (Figure 8, F and G).

The activity of cathepsins B and D, as observed in
NPC1 pathology, markedly increased after a 24-hour
treatment of cultured neurons with U18666A (Figure 8, J
and K). In addition, our subcellular studies revealed that
the cytosolic levels of active cathepsins B and D were
markedly higher in U18666A-treated neurons compared
with untreated neurons (Figure 8H). Subsequently, to
determine whether increased lysosomal enzyme activity
was the cause or consequence of cell death, cultured
neurons were treated with the cathepsin D inhibitor pep-
statin A (1 to 50 �mol/L) or the cathepsin B inhibitor
CA-074 methyl ester (0.05 to 1 �mol/L) for 24 hours along
with 5 �g/ml U18666A, and then cell viability was as-
sessed using the MTT assay (Figure 8I) and Hoechst
33258 staining (data not shown). The concentrations of
cathepsin B and cathepsin D inhibitors used were based
on earlier data.61 Our results showed that both pepstatin
A (10 and 20 �mol/L) and CA-074 methyl ester (0.5 and
1 �mol/L) can significantly protect cultured neurons
against U18666A-induced toxicity and were effective in
inhibiting their corresponding enzyme activity (Figure 8,I–

Figure 8. A–E: Neurotoxic effects of U18666A
on mouse primary cortical cultured neurons as
evident by MTT colorimetric assay (A and B)
and Hoechst 33258 labeling (C–E). Neurons af-
ter 6 days of plating were treated with 0.1 to 50
�g/ml U18666A for 24 hours (A) or with 5 �g/ml
U18666A for 6 to 72 hours (B). MTT values, as
evident from the histograms, were significantly
attenuated in a concentration- (A) and time (B)-
dependent manner in U18666A-treated cultures.
C: Relative increase in Hoechst 33258-labeled
apoptotic neurons after 24 hours exposure to 5
�g/ml U18666A. D and E: Presence of con-
densed and/or fragmented nuclei (arrows) in
U18666A-treated cultured neurons (E) com-
pared with control (D). F and G: Cholesterol
accumulation as evident by filipin staining in
U18666A-treated cultured neurons (G, arrows)
compared with control (F). H: Immunoblots
showing the relatively higher cytosolic levels of
cathepsin D in U18666A-treated cultured neu-
rons compared with control cultures. I: Protec-
tive effects of the cathepsin B inhibitor CA-074
methyl ester and the cathepsin D inhibitor pep-
statin A against U18666A-mediated toxicity in
cortical cultured neurons as measured using the
MTT assay. Note that both CA-074 methyl ester
and pepstatin A can independently protect cul-
tured neurons against 5 �g/ml U18666A-medi-
ated toxicity, but their effects were not additive.
J and K: Cathepsin B (J) and cathepsin D (K)
enzyme activity in cultured neurons treated with
5 �g/ml U18666A either in the presence or ab-
sence of CA-074 methyl ester and pepstatin A.
The increased enzyme activity observed after
exposure to U18666A was significantly attenu-
ated by treatment with CA-074 methyl ester as
well as pepstatin A. Also note the attenuation of
cathepsin D enzyme activity in cultured neurons
treated with U18666A and CA-074 methyl ester.
All results, which are presented as means �
SEM, were obtained from three separate exper-
iments, each performed in triplicate. CA-074 ME,
CA-074 methyl ester; Cat D, cathepsin D; CTRL,
control; CYTO, cytoplasmic; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; MB,
membrane; Pep A, pepstatin A; NUC, nuclear;
UA, U18666A. Scale bar � 25 �m. *P � 0.05;
**P � 0.01; ***P � 0.001.
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K). In addition, treatments with pepstatin A and CA-074
methyl ester together protected cultured neurons against
U18666A-mediated toxicity to a similar extent as observed
after treatment with either inhibitor alone (Figure 8I).

Discussion

Using a combination of experimental approaches, in the
present study we show that increased levels/activity of
cathepsins B and D may be associated with neuronal
loss observed in Npc1�/� mouse brains. Our results re-
veal that i) Npc1�/� mice exhibit an age-dependent loss
of neurons primarily in the cerebellum and not in the
hippocampal region of the brain, ii) cellular levels and
activity of cathepsins B and D are increased in both the
cerebellum and hippocampus of Npc1�/� mouse brains
most likely because of microgliosis, but cytosolic cathep-
sin B and D levels and other indices of cell death are
found to be different between these two brain regions,
and iii) degeneration of cultured mouse cortical neurons
by U18666A, an amphiphilic drug that induces a NPC-
like phenotype at the cellular level, can be significantly
attenuated through inhibition of cathepsin activity. Taken
together, these results suggest that increased activity,
along with increased cytosolic levels, of cathepsins B
and D may be associated with the degeneration of NPC1-
deficient neurons and inhibitors of these enzymes might
protect neurons in Npc1�/� mouse brains.

Earlier studies have shown that severe loss of neurons/
terminals in Npc1�/� mice is evident largely in the cere-
bellar Purkinje cells, whereas hippocampal neurons are
relatively spared.13–15,18 At present, the cell death mech-
anism remains unclear as events related to both apopto-
sis and autophagy have been identified in Npc1�/�

mouse brains. Detection of terminal deoxynucleotidyl
transferase dUTP nick-end labeling-positive and active
caspase-3-immunoreactive Purkinje cells62,63 is consis-
tent with cell death being due to apoptosis. In keeping
with these results, we observed cleaved caspase-3 and
Fluoro-Jade C-positive Purkinje cells in the cerebellum
but not in the hippocampus of Npc1�/� mice. However,
antiapoptotic strategies, such as overexpression of Bcl-2
or treatment with minocycline, that are known to prevent
apoptosis in some models of neurodegenerative dis-
eases failed to protect neurons in Npc1�/� mice,64 sug-
gesting the possible existence of redundant apoptotic
mechanisms in NPC pathology. Interestingly, our results
revealed that the numbers of secondary lysosomes as
well as of the autophagy markers LC3-II and beclin-1 are
higher in both the cerebellum and hippocampus of
Npc1�/� mice compared with controls as reported in
earlier studies.49,50 Because autophagy can be induced
during both survival and death of cells,9,65 the signifi-
cance of the enhanced autophagic pathway in Npc1�/�

mice remains to be defined.
Although the intracellular accumulation of unesterified

cholesterol per se does not correlate directly with the
degeneration of neurons, there is evidence that an in-
creased cholesterol level in the EL system can up-regu-
late lysosomal enzymes within cells.21,49,66 This finding is

substantiated, in part, by our study, which shows an
age-related increase in the expression, level, and activity
of the lysosomal enzymes, cathepsins B and D, both in
the hippocampus and cerebellum of Npc1�/� mice com-
pared with controls. Double immunofluorescence analy-
sis further revealed that cathepsins B and D are present
both in neurons and activated microglia in the hippocam-
pus and cerebellum of Npc1�/� mice.16,49 Earlier studies
indicated that an increased level of lysosomal enzymes
within lysosomes might be involved in protecting neurons
against toxicity/damage, whereas increased activity of
these enzymes in cell cytosol can trigger death of neu-
rons.20,32,51,52 However, it remains unclear whether in-
creased levels/activity of the lysosomal enzymes ob-
served in Npc1�/� mouse brains are involved in the
protection or degeneration of neurons. Our subcellular
localization studies showed for the first time that cytosolic
levels of cathepsins B and D are markedly increased in
the cerebellum, but are only slightly increased in the
relatively spared hippocampus of Npc1�/� mice. It is
thus likely that enhanced levels of lysosomal enzymes in
the hippocampus may counter cellular abnormalities re-
sulting from intracellular cholesterol accumulation and
may not reach levels necessary to mediate cell death. On
the other hand, larger increases in cytosolic levels of the
cathepsins in the cerebellum, probably resulting from
lysosomal destabilization, may be associated with death
of neurons via cytochrome c release from mitochondria.
This suggestion is supported by evidence that cytosolic
levels of cytochrome c and Bax2 in Npc1�/� mice are
increased mostly in the cerebellum but not in the hip-
pocampus. The significance of cathepsins is further sub-
stantiated by evidence that degeneration of cultured cor-
tical neurons by U18666A, which induces cholesterol
accumulation in the EL system similar to NPC1 deficien-
cy,53,60 is accompanied by increased activity of these
enzymes and can be significantly attenuated after treat-
ment with inhibitors of cathepsin B or cathepsin D. How-
ever, exposure of cultured neurons to inhibitors of cathe-
psins B and D together did not produce additive effects
on the survival of neurons. This result could be due to
either the effects of cathepsin D inhibitor on cathepsin B
enzyme activity or the use of a common mechanism to
mediate the effects. Taken together, these results sug-
gest that increased cathepsin levels/activity may be as-
sociated with the loss of Purkinje cells in Npc1�/� mice
and their inhibitors may be beneficial in protecting these
neurons.

We did not observe any significant alteration in IGF-II/
M6P receptor levels in the hippocampus or cerebellum of
Npc1�/� mice compared with controls. Given the evi-
dence that a subset of reactive astrocytes in Npc1�/�

mouse brains express the IGF-II/M6P receptor, it is likely
that decreased neuronal levels of the receptor are par-
tially compensated for by glial expression of the receptor.
Interestingly, activated microglia that exhibit cathepsin B
and D immunoreactivity did not express IGF-II/M6P re-
ceptors in Npc1�/� mouse brains. This observation is
consistent with some earlier results that showed a dispar-
ity in the localization of the lysosomal enzymes and the
receptor in glial cells after injury or pathological condi-
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tions.16,33,46,67,68 Because certain lysosomal enzymes
can be transported via a cation-dependent M6P receptor
in selected cells,22,69 it is possible that cathepsins in
reactive microglia may be transported by a cation-de-
pendent M6P receptor rather than the IGF-II/M6P recep-
tor. Earlier studies using cultured cells have shown that
U18666A treatment or siRNA-mediated NPC1 depletion,
can redistribute IGF-II/M6P receptors to cholesterol-
laden endosomes and impair receptor recycling from late
endosomes to the trans-Golgi network.70–72 Although the
subcellular distribution of the receptor in Npc1�/� mouse
brains remains to be defined, an altered distribution or
decreased levels of the M6P receptors might render neu-
rons vulnerable to dysfunction/degeneration by enhanc-
ing the secretion of lysosomal enzymes. This idea is
supported, in part, by the evidence that suppression of
the IGF-II/M6P receptor can induce apoptosis,73 whereas
cells resistant to toxicity/injury exhibit an up-regulation of
the receptor.33,74

A number of previous studies have shown that dys-
function of the NPC1 protein leads to degeneration
of neurons in selected regions of the brain including
the cerebellum, cortex, thalamus, and brainstem.13–15,18

However, neither the intracellular mechanisms nor the
underlying cause of preferential vulnerability of these
neurons has been established. Some recent studies have
indicated that deregulation of the phosphatidylinositol-3
kinase pathway75 and/or �-amyloid peptide-mediated
signaling cascades21,66,76 may contribute to the degen-
eration of neurons in Npc1�/� mouse brains. However,
the significance of these pathways in defining the under-
lying cause of preferential neuronal vulnerability in
Npc1�/� mouse brains remains unclear. Our results, on
the other hand, show that increased levels/activity of the
lysosomal enzymes cathepsins B and D, possibly within
lysosomes, may protect neurons against toxicity induced
by intracellular accumulation of cholesterol, whereas in-
creased cytosolic levels/activity of cathepsins may ren-
der neurons vulnerable to degeneration via a cytochrome
c-dependent pathway. The significance of the lysosomal
enzymes is highlighted by the fact that inhibitors of these
enzymes can protect cultured neurons against U18666A-
mediated toxicity. Thus, these results provide the first
evidence that the increased level/activity as well as al-
tered subcellular distribution of cathepsins B and D may
contribute to the neurodegeneration seen in NPC dis-
ease. Furthermore, inhibitors of the cathepsins may have
therapeutic potential in attenuating NPC pathology.
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