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Niemann-Pick type C (NPC) disease, an autosomal recessive disorder caused primarily by loss-of-function
mutations in NPC1 gene, is characterized neuropathologically by intracellular cholesterol accumulation, glio-
sis and neuronal loss in selected brain regions. Recent studies have shown that NPC disease exhibits intri-
guing parallels with Alzheimer’s disease (AD), including the presence of tau-positive neurofibrillary tangles
(NFTs) and B-amyloid (Ap)-related peptides in vulnerable brain regions. Since enhanced cholesterol level,
which acts as a risk factor for AD, can increase AP production by regulating amyloid precursor protein
(APP) metabolism, it is possible that APP overexpression can influence cholesterol-regulated NPC path-
ology. We have addressed this issue in a novel bigenic mice (ANPC) generated by crossing heterozygous
Npc1-deficient mice with mutant human APP transgenic mice. These mice exhibited decreased lifespan,
early object memory and motor impairments, and exacerbated glial pathology compared with other litter-
mates. Neurodegeneration observed in the cerebellum of ANPC mice was found to be accelerated along
with a selective increase in the phosphorylation/cleavage of tau protein. Additionally, enhanced levels/activity
of cytosolic cathepsin D together with cytochrome ¢ and Bcl-2-associated X protein suggest a role for the
lysosomal enzyme in the caspase-induced degeneration of neurons in ANPC mice. The reversal of choles-
terol accretion by 2-hydroxypropyl-g-cyclodextrin (2-HPC) treatment increased longevity and attenuated be-
havioral/pathological abnormalities in ANPC mice. Collectively, our results reveal that overexpression of APP
in Npc1-deficient mice can negatively influence longevity and a wide spectrum of behavioral/neuropatho-
logical abnormalities, thus raising the possibility that APP and NPC1 may interact functionally to regulate
the development of AD and NPC pathologies.

INTRODUCTION

a transmembrane glycoprotein implicated in the intracellular
transport of cholesterol (3,4). Neuropathologically, NPC is

Niemann-Pick type C (NPC) disease is an autosomal recessive
neurovisceral disorder characterized by abnormal accumula-
tion of unesterified cholesterol and glycosphingolipids within
the endosomal—lysosomal (EL) system in a number of tissues
including the brain. These defects in cholesterol sequestration
trigger widespread neurological deficits such as ataxia, sei-
zures and dementia that eventually lead to premature death
(1,2). In majority of the cases, NPC disease is caused by
loss-of-function mutations in the NPC!I gene, which encodes

characterized by the accumulation of unesterified cholesterol,
activation of glial cells and presence of intracellular tau-
positive neurofibrillary tangles (NFTs). Loss of neurons is
evident primarily in the prefrontal cortex, thalamus and cere-
bellum but not in the hippocampus (5,6). Some studies have
also shown that levels of (B-amyloid (Ap)-related peptides
are increased in the vulnerable brain regions (7) as well as
in the cerebrospinal fluid (8), while extracellular deposition
of the peptide was apparent in patients with €4 genotype of
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apolipoprotein E (APOE), which serves as a protein carrier for
cholesterol (9). Interestingly, Balb/cNctr-Npc™™ mice due to
spontaneous mutations in the Npcl gene (Npc-null) are
found to recapitulate most of the human pathology, except
for the formation of NFTs (10,11).

A number of recent studies have shown that NPC disease exhi-
bits some intriguing parallels with the Alzheimer’s disease (AD),
the most common type of senile dementia affecting the elderly
people. Neuropathologically, AD is characterized by the presence
of NFTs, AB-containing neuritic plaques, gliosis and the loss of
neurons primarily in the hippocampus, cortex and certain subcel-
Iular nuclei such as basal forebrain cholinergic neurons (12—14).
The pathological changes observed in AD brains are believed to
be triggered by in vivo accumulation of A peptides derived from
amyloid precursor protein (APP). The AD pathology, unlike NPC
disease, is not associated with widespread intracellular accumula-
tion of free cholesterol or loss of neurons in the cerebellum. Add-
itionally, development of AD which occurs mostly after 65 years
of age does not lead to ataxia as observed in NPC disease
(2,6,13,14). Notwithstanding the differences, the striking paral-
lels that exist between AD with NPC include (i) the presence of
structurally and immunologically similar tau-positive NFTs
(15,16), (ii) influence of &4 isoform of APOE in promoting
disease pathology (9,17,18) and (iii) endosomal abnormalities
associated with accumulation of cleaved APP and/or A peptides
in vulnerable neurons (19). Recently, alteration of NPC1 mRNA/
protein has been reported in vulnerable regions of AD brains
indicating a functional link between NPC1 dysfunction and AD
(20). Although cholesterol is not sequestered in AD as observed
in NPC pathology, there is evidence that high cholesterol level
increases the risk of AD (21,22) and neurons bearing NFTs
exhibit higher levels of free cholesterol in AD brains (23).
Many lines of experimental evidence further suggest that alter-
ation in cholesterol homeostasis can influence APP metabolism,
whereas changes in the level/expression of APP can also lead to
altered cholesterol metabolism (24—27). These results albeit
promote convergence of factors regulating NPC and AD patholo-
gies, very little is currently known about the interaction between
the NPC1 and APP.

Transgenic mice overexpressing mutant APP are known to
recapitulate amyloid deposits and spatial learning deficits but
do not exhibit overt loss of neurons as seen in AD brains
(28-31). Earlier studies have shown that the up-regulating chol-
esterol level can exacerbate behavior and cellular pathology,
whereas the decreasing cholesterol level can have opposite
effects in these mice (24,27). However, it remains unclear
how APP overexpression can influence behavior and patho-
logical features, particularly the tau pathology and neurodegen-
eration that lie downstream of altered APP and cholesterol
metabolisms, in Npc-null mice. We addressed this issue by
using a new line of bigenic ANPC mice generated by crossing
mutant human APP transgenic mice (29) with heterozygous
Npcl-deficient mice (32). Our results clearly show that overex-
pression of APP in the presence of intracellular cholesterol ac-
cumulation can decrease longevity, accelerate the onset of
behavioral abnormalities and exacerbate glial pathology as
well as degeneration of neurons that show preferential vulner-
ability to cholesterol accumulation in NPC disease. To establish
the significance of cholesterol, we treated ANPC mice with the
sterol binding agent 2-hydroxypropyl-B-cyclodextrin (2-HPC)

that has been shown to promote movement of the sequestered
cholesterol from lysosomes to the metabolically active pool in
various experimental paradigms (33—35). Our results clearly
reveal that dispersal of cholesterol by 2-HPC treatment can
not only prolong the lifespan but also can significantly reverse
the behavioral and pathological abnormalities in ANPC mice,
thus providing a strong functional link between APP and
NPC1 genes that may interact in regulating both AD and NPC
pathologies.

RESULTS
Generation of bigenic ANPC mice

To determine how overexpression of APP can influence patho-
logical changes triggered by intracellular accumulation of
cholesterol, we generated a novel bigenic ANPC mouse line
(APP-Tg and Npc-null: APP™*Npcl ™ 7) by crossing mutant
human APP transgenic (APP-Tg: APP™"Npc1 ™) with het-
erozygous Npcl-deficient (APP”°Npcl™ ™) mice (Fig. 1A).
Our immunoblotting analysis revealed that APP holoprotein
levels in ANPC mice were similar to APP-Tg and double het-
erozygous (Dhet: APPT*Npcl1™ ™) mice but were markedly
higher compared with wild-type (WT: APP”°Npc1™*) and
homozygous Npc-null mice (Npc-null: APP”°Npcl ™/ "), as
expected (Fig. 1B). Npcl protein levels did not differ
between WT and APP-Tg mice, and as anticipated, the Dhet
mice showed ~50% reduction, while Npc-null and ANPC
mice did not exhibit detectable levels of this protein
(Fig. 1B). ANPC mice had a maximum of 77-day lifespan,
with the mortality rate increasing drastically from the 55
days onward (Fig. 1C). Npc-null mice, as reported earlier
(36), exhibited a reduced lifespan with only ~30% of the
animals alive past the 90-day censor date in our colony. The
majority (>90%) of APP-Tg and Dhet mice, on the other
hand, survived past the censor date, whereas the WT mice
had no recorded deaths within the study period. Thus, the
bigenic ANPC mice had a significantly reduced lifespan com-
pared with WT, APP-Tg, Dhet or Npc-null mutants (Fig. 1C).
Additionally, the ANPC mice reached a maximum body
weight of ~12 g by 6 weeks, which was ~30% less compared
with other lines of mice, and then declined progressively until
death (Fig. 1D).

Accelerated object recognition memory and motor deficits

To determine whether overexpression of APP in Npc-null
mice can influence cognitive performance, we evaluated all
five genotypes at 4, 7 and 10 weeks of age in an object recog-
nition memory test (Fig. 2A). The performance of WT,
APP-Tg, Dhet, Npc-null and ANPC mice did not differ signifi-
cantly at 4 weeks of age (data not shown). The ANPC mice,
however, exhibited significant deficits in the object memory
index (MI) at 7 and 10 weeks, whereas APP-Tg, Dhet and
Npc-null mice showed a reduced MI only at 10 weeks
(Fig. 2A). Loss of Npcl function is known to impair motor
ability in Npc-null mice (37). To examine this effect, we
first tested mice of all five genotypes at 4, 7 and 10 weeks
of age for their spontancous locomotor activity (walking,
rearing and periods of inactivity) in open-field tests
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Figure 1. (A) PCR analysis of tail biopsy DNA from WT (lane 1), APP-Tg
(lane 2), Dhet (lane 3), Npc-null (lane 4) and ANPC (lane 5) mice for
human APP transgene (upper panel) and mouse Npc! gene (lower panel). In
APP PCR, the presence of a band indicates the presence of the transgene,
while its absence indicates lack of the human transgene. For Npcl PCR, the
presence of the lower band indicates the WT allele and the upper band indi-
cates the knocked-out allele. (B) Immunoblotting showing profiles of APP
and Npcl expression in different genotypes as detected with APP C-terminal
(Y 188) antibody reactive against mouse and human APP (upper panel) and C-
terminal Npcl antibody (lower panel), respectively. The APP-Tg, Dhet and
ANPC mice, as expected, exhibit higher levels of APP expression over WT
and Npc-null mice harboring only the mouse APP holoprotein. Immunoblot-
ting with the Npcl antibody revealed the presence of normal levels of Npcl
protein in WT and APP-Tg mice, ~50% of the normal levels in Dhet mice
and its absence in ANPC and Npc-null mice. Anti-B-actin antibody was
used to monitor an equal loading of proteins. (C) Percent survival curves
(Kaplan—Meier survival analysis) of different genotypes (WT = 205,
APP-Tg =186, Dhet= 198, Npc-null =126 and ANPC = 106 animals)
showing that ANPC mice have a significantly (P < 0.0001) reduced survival
compared with mice of other genotypes. (D) Weight curves for WT,
APP-Tg, Dhet, Npc-null and ANPC assessed between 7 and 70 days of age.
ANPC mice show a significantly reduced body weight compared with other
genotypes.
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Figure 2. (A-C) Cognitive and motor behavioral analysis at 7 and 10 weeks
of age in WT, APP-Tg, Dhet, Npc-null and ANPC mice. (A) ANPC mice
exhibit a profound deficit in the 3-h object recognition memory test at 7 and
10 weeks of age, whereas the APP-Tg, Dhet and Npc-null mice show a signifi-
cant deficit only at 10 weeks of age. The values are expressed as means +
SEM of MI scores, with n=6-10 for each genotype. (B) Histograms
showing the average latency to fall from an accelerating rotarod for WT,
APP-Tg, Dhet, Npc-null and ANPC mice at 7 and 10 weeks of age. ANPC
mice exhibited significant motor impairment at 7 weeks, which progressively
worsened by 10 weeks. Npc-null mice exhibited significant motor impairment
only at 10 weeks, whereas APP-Tg and Dhet mice did not display any impair-
ment at either 7 or 10 weeks of age. Data are expressed as means + SEM of all
trials performed on the final test day, with n = 6—10 for each genotype. (C)
Histograms showing alternation coefficients representing gait asymmetry in
all five genotypes of mice as assessed by measurement of the right hind
paw stride length. The WT, APP-Tg and Dhet mice exhibited a normal alter-
nating gait at both 7 and 10 weeks of age. The ANPC mice showed severe gait
abnormalities at 7 and 10 weeks of age, whereas Npc-null mice displayed gait
disturbances only at 10 weeks. Data are expressed as means + SEM of alter-
nation coefficients, with n = 6—10 for each genotype. *P < 0.05.
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Figure 3. (A-J) Bright-field photomicrographs showing GFAP-positive astrocytes in the hippocampus (A—E) and cerebellum (F-J) of 4-week-old WT (A, F),
APP-Tg (B, G), Dhet (C, H), Npc-null (D, I) and ANPC (E, J) mice. Note the relative increase in the intensity of GFAP immunoreactivity in the hippocampus and
cerebellum of ANPC compared with other genotypes. (K—L) Immunoblots and respective histograms showing GFAP levels in the hippocampus (K) and cere-
bellum (L) of 4-, 7- and 10-week-old WT, APP-Tg, Dhet, Npc-null and ANPC mice. Protein levels were normalized to B-actin. Note the relative increase in the
hippocampal and cerebellar GFAP levels in ANPC mice over other genotypes at different age groups. The values are expressed as means + SEM; n = 4-6

animals per genotype and age group. *P < 0.05.

(Supplementary Material, Fig. SIA—C). No significant vari-
ation was apparent in the sensorimotor behavior between the
genotypes at 4 weeks of age (data not shown). The ANPC
mice exhibited significantly reduced locomotor activity and
increased periods of inactivity in our open-field tests at both
7 and 10 weeks age, whereas Npc-null mice showed these def-
icits mostly at the later age of 10 weeks only. The APP-Tg and
Dhet mice did not show any difference from WT at any age
(Supplementary  Material, Fig. S1A—C). Furthermore,
rotarod performance and gait coordination analysis revealed
that motor coordination in Npc-null mice was impaired at 10
weeks but not at 4 or 7 weeks of age. The ANPC mice, on
the other hand, displayed a significant impairment in their
motor function at 7 weeks, which was further exacerbated

by 10 weeks. The APP-Tg and Dhet mice did not show any
motor deficit compared with WT mice at any age (Fig. 2B
and C).

Intracellular accumulation of unesterified cholesterol

We assessed intracellular cholesterol accumulation across
the genotypes by filipin staining which binds unesterified
cholesterol (Supplementary Material, Fig. S2A-1J). Filipin-
labeled cholesterol was evident in almost all neurons of
the hippocampus and cerebellum in Npc-null (Supplementary
Material, Fig. S2D and I) and ANPC (Supplementary Material,
Fig. S2E and J) mice at 4, 7 and 10 weeks of age. By contrast,
no cholesterol accumulation was evident in WT, APP-Tg or
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Figure 4. (A-J) Bright-field photomicrographs showing Ibal-positive microglia in the hippocampus (A—E) and cerebellum (F-J) of 4-week-old WT (A, F),
APP-Tg (B, G), Dhet (C, H), Npc-null (D, I) and ANPC (E, J) mice. Note the relative change in the intensity and morphology of microglia in the hippocampus
and cerebellum of ANPC compared with other genotypes. (K—L) Immunoblots and respective histograms showing Ibal levels in the hippocampus (K) and cere-
bellum (L) of 4-, 7-, and 10-week-old WT, APP-Tg, Dhet, Npc-null and ANPC mice. Protein levels were normalized to B-actin. Note the relative increase in the
hippocampal and cerebellar Ibal levels in ANPC mice over other genotypes at different age groups. The values are expressed as means + SEM; n = 4—6 animals

per genotype and age group. *P < 0.05.

Dhet littermates at any age group (Supplementary Material,
Fig. S2A—H). Interestingly, total cholesterol content in the
hippocampus and cerebellum of ANPC and Npc-null mice at
4, 7 and 10 weeks of age, as detected by gas—liquid chroma-
tography, did not exhibit any alteration compared with age-
matched WT, APP-Tg or Dhet mice (Supplementary Material,
Fig. S2K—M).

Aggravated glial activation and demyelination

At the cellular level, ANPC mice showed a profound increase
in the number and activation of glial fibrillary acidic protein
(GFAP)-labeled astrocytes in both the hippocampus and cere-
bellum compared with WT, APP-Tg, Dhet and Npc-null mice

(Fig. 3A-J). Our western blot analysis also revealed a signifi-
cant increase in GFAP levels in the hippocampus and cerebel-
lum of 4, 7 and 10 weeks old ANPC mice compared with WT,
APP-Tg and Dhet mice (Fig. 3K and L). The Npc-null mice
displayed a significant increase in GFAP levels over the
WT, APP-Tg and Dhet mice, mostly at later stages. The rela-
tive increase in ANPC over Npc-null mice was evident at
4 weeks but not at later stages.

Consistent with the alteration in astrocytes, ANPC mice
showed profound microglial activation in both the hippocam-
pus and cerebellum compared with all other genotypes
(Fig. 4A—L). At the cellular levels, ionizing calcium-binding
adaptor molecule 1 (Ibal)-labeled microglial cells in WT,
APP-Tg and Dhet mouse brains displayed small cell bodies
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Figure 5. (A-J) Bright-field photomicrographs showing 2°,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase)-positive oligodendrocytes in the hippocampus/
cortex (A—E) and cerebellum (F-J) of 4-week-old WT (A, F), APP-Tg (B, G), Dhet (C, H), Npc-null (D, I) and ANPC (E, J) mice. Note the relative decrease in
the intensity of CNPase immunoreactivity in the hippocampus/cortex and cerebellum of ANPC compared with WT, APP-Tg, Dhet and Npc-null mouse brains.
(K-L) Immunoblots and respective histograms showing CNPase levels in the hippocampus (K) and cerebellum (L) of 4-, 7-, and 10-week-old WT, APP-Tg,
Dhet, Npc-null and ANPC mice. Protein levels were normalized to B-actin. Note the relative decrease in the CNPase levels in the hippocampus/cortex and cere-
bellum of ANPC mice compared with other genotypes at different age groups. The values are expressed as means + SEM; n = 4—6 animals per genotype and

age group. *P < 0.05.

with few ramified processes typical of resident microglia
(Fig. 4A—C, F—H). In contrast, the ANPC mice showed nu-
merous intensely stained phagocytic, amoeboid microglia
microglia were apparent in the cerebellum (Fig. 4E and J). Age-
matched Npc-null mice, on the other hand, revealed less acti-
vated microglia in both the hippocampus and cerebellum than
those observed in ANPC mice (Fig. 4D and I). Our western
blot analysis also showed a significant increase in Ibal levels
in the hippocampus and cerebellum of 4, 7 and 10 week old
ANPC mice compared with WT, APP-Tg and Dhet mice
(Fig. 4K and L). The increase over the Npc-null mice was
evident only in 4 weeks cerebellum. Interestingly, the relative
increase in Ibal levels was found to be more profound in the

cerebellum than the hippocampus of ANPC and Npc-null
mice compared with the other lines of mice.
Immunohistochemical staining with the oligodendrocyte
marker 2°,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase)
showed a dramatic loss of myelin fibre tracts in the ANPC hippo-
campus/cortex and cerebellum compared with the other lines of
mice (Fig. SA—J). This was substantiated by our western blot
data, showing striking decreases in CNPase levels in ANPC
hippocampus and cerebellum at 4, 7 and 10 weeks (Fig. 5K
and L). Npc-null mice, as reported earlier (38), also showed sig-
nificant demyelination at various ages, but this was found to be
less severe than ANPC mice at earlier stages. Additionally, the
levels of CNPase in the hippocampus, but not in the cerebellum,
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Figure 6. (A—E) Photomicrographs showing NeuroTrace-labeled hippocampal sections from mice of different genotypes at 7 weeks of age. No apparent loss of
neurons was evident in the hippocampus of ANPC (E) compared with WT (A), APP-Tg (B), Dhet (C) and Npc-null (D) littermates. (F—J) Photomicrographs
showing a calbindin-positive cerebellar Purkinje cell layer (Pcl) from 7-week-old mice of different genotypes. Note the relative loss of Purkinje cells in Npc-null
(I) and ANPC (J) mice compared with WT (F), APP-Tg (G) and Dhet (H) mice. (K—L) Quantitative analysis of neuronal density in the hippocampal CA1 region
(K) and cerebellar Pcl (L) of APP-Tg, Dhet, Npc-null and ANPC brains expressed as percentage of WT. Note the significant loss of cerebellar Purkinje cells (L)
but no alteration in the hippocampal neurons (K) in Npc-null and ANPC mice compared with the other genotypes. The magnitude of Purkinje cell loss was more
profound in ANPC than in age-matched Npc-null mice. (M—R) Photomicrographs showing co-localization of cleaved caspase-3 (green) with calbindin-positive
(red) Purkinje cells in WT, Npc-null and ANPC cerebellum. M, O and Q represent the cleaved caspase-3 labeling in WT, Npc-null and ANPC, respectively,
while N, P, R are the merged images. CA1-CA3, Cornu Ammonis 1-3; DG, Dentate Gyrus. The values are expressed as means + SEM. *P < 0.001.

were depleted in APP-Tg and Dhet mice at later stages com-
pared with age-matched WT mice (Fig. 5K and L).

Loss of neurons and synaptic markers

Our APP-Tg mice, as reported for most other lines of mutant
APP mice, do not exhibit frank loss of neurons in any brain
region (28,29). The Npc-null mice, on the other hand, show
a progressive loss of neurons in selected brain regions such
as thalamus and cerebellum but not in the hippocampus

(5,6). In keeping with these results, we observed a significant
decrease in the number of cerebellar Purkinje cells in ANPC
and Npc-null mice compared with WT, APP-Tg and Dhet
mice (Fig. 6A—L). The magnitude of cell loss was found to
be more pronounced in ANPC than in the Npc-null mice
(Fig. 6L). Labeling of degenerating neurons with cleaved
caspase-3 suggested the possible involvement of apoptosis in
triggering the loss of neurons (Fig. 6M—R). The hippocampus,
on the other hand, did not exhibit any significant neuronal loss
either in APP-Tg, Dhet, ANPC or Npc-null mice compared
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Figure 7. (A-D) Immunoblot analysis of tau kinases in the hippocampus (A, C) and cerebellum (B, D) of 7-week-old WT, APP-Tg, Dhet, Npc-null and ANPC
mice. Phospho-ERK1/2 levels were significantly increased in the cerebellum (B, D) but not in the hippocampus (A, C) of ANPC mice compared with other
genotypes. The cerebellum of Npc-null mice also showed a significant increase in phospho-ERK1/2 levels compared with other genotypes but is less pronounced
than ANPC mice (B, D). Quantitative analysis of Cdk5 levels normalized to $-actin showed no significant alteration between the genotypes either in the hippo-
campal (A, C) or in the cerebellar (B, D) brain regions. Immunoblotting using p35 antibody indicates a decrease in p35 levels in the cerebellum of ANPC and
Npc-null mice relative to WT, APP-Tg and Dhet mice (B, D). No alteration in p35 levels was observed in the hippocampus between the genotypes (A, C). The
values are expressed as means + SEM; n = 4—6 animals per genotype. *P < 0.05.

with WT mice (Fig. 6A—E, K). The levels of presynaptic
marker synaptophysin and postsynaptic marker postsynaptic
density protein 95 (PSD95) were markedly decreased in 7-
and/or 10-week-old Npc-null and ANPC cerebellum compared
with WT, APP-Tg and Dhet mice. In the hippocampus,
however, no alteration in synaptophysin level was evident at
any age, whereas the level of PSD95 was decreased in
10-week-old Npc-null and ANPC mice compared with other
lines (Supplementary Material, Fig. S3A—D).

Activation of tau kinases and phosphorylation of tau

Although florid tau pathology is not apparent in either APP-Tg
or Npc-null mice, there is evidence that altered cholesterol
levels can regulate tau phosphorylation under in vitro conditions
(39). To determine whether overexpression of APP together
with intracellular cholesterol accumulation can influence tau
phosphorylation under in vivo paradigm, we first evaluated tau
kinases in all lines of mice. Our results clearly demonstrated
a significant up-regulation of phospho-extracellular signal-
regulated kinase 1/2 (ERK1/2) in the cerebellum, but not in
the hippocampus, of Npc-null or ANPC mice (Fig. 7A-D).
Additionally, the steady-state levels of p35 were found to be
decreased in the cerebellum, but not hippocampus, of
Npc-null and ANPC mice compared with other lines of mice
(Fig. 7A—D). In contrast, the levels of phospho-glycogen syn-
thase kinase-3B (GSK-3B) did not alter in the ANPC or
Npc-null mice (Supplementary Material, Fig. S4A and B). As
a follow-up, we measured the levels of total tau using Tau-1
and Tau-5 antibodies and phospho-tau using various epitope

specific antibodies in the hippocampus and cerebellum of five
different lines of mice (Fig. 8A—D). Our results clearly
showed that the total-tau level was strikingly decreased in the
cerebellum, but not hippocampus, of ANPC and Npc-null
mice compared with other lines. Interestingly, the levels of
phospho-tau remain unaltered in both brain regions of ANPC
and Npc-null mice with respect to other genotypes. Thus, it is
evident that phosphorylation of tau is selectively increased in
the affected cerebellar region, which was more pronounced in
ANPC than Npc-null mice. More recently, a number of studies
have indicated that proteolytic cleavage of tau protein, in addition
to enhanced phosphorylation, may have a role in the degeneration
of neurons (40—42). Our results showed that levels of caspase-
cleaved tau are markedly increased in the cerebellum, but not
hippocampus, of the ANPC and Npc-null mice (Fig. 8A—D).
The relative change, however, was more obvious in ANPC than
Npc-null mice. At the cellular level, cleaved tau immunoreactiv-
ity was evident only in the Purkinje cells of the ANPC and
Npc-null mice but notin WT, APP-Tg or Dhet mice (Fig. SE—-G).

Increased activity and cytosolic levels of cathepsin D

Several studies have shown that up-regulation of lysosomal
enzymes within lysosomes can prevent sub-lethal damage
(43), whereas lysosomal rupture leading to sustained release
of enzymes into the cytosol can induce cell death via cyto-
chrome c release from mitochondria (44—46). To determine
the potential involvement of the lysosomal enzymes in ANPC
mice, we measured the level/activity and subcellular distribu-
tion of cathepsin D in all five lines of mice (Fig. 9A—F;

2102 ‘T€ 1990100 UO BIDQ[Y JO AMSIDATU[ oY, 18 /310" s[ewmolpioyxo-Swy//:dny woiy popeoumo



A Hippocampus
WT APP-Tg Dhet Npc-null ANPC

T s | - - - - |

R e

AT100 l-—---—_———l

PHE] | e s i i s i i s i 0
Cleaved ‘ |
Tau i - e
B-actin [ |
c (- =

3o WI APPTg Dhet Npenull ANPC

1+

il | Y

PHF1/Taus Cleaved Tau/p-actin

Arbitrary units

Human Molecular Genetics, 2012, Vol. 21, No. 22 4865

B Cerebellum
WT APP-Tg Dhet Npcnull ANPC

T‘usl----‘-—_- |

Tau 1 |..ﬂﬂ.i.h-¢ -|

AT100 |----_---—- |

A FF T
Cleaved
Tau

=== asbull

p-actin | — — ——— — ——— — I

*

D [ = .

3- +*

o

=

(=

PHF1/Taus Cleaved Taw/p-actin

Figure 8. (A—D) Immunoblot analysis of total, phospho and cleaved tau levels in the hippocampus (A, C) and cerebellum (B, D) of 7-week-old WT, APP-Tg,
Dhet, Npc-null and ANPC mice. Total tau was detected by Tau-5 (phospho-independent anti-tau antibody) and Tau-1 (dephosphorylated tau at serines 195, 198,
199 and 202) antibodies, whereas phospho-tau was detected using AT 100 (T212, S214 and T217) and PHF1 (S396/S404) antibodies. Note the decrease in total-
tau levels in the cerebellum (B) but not in the hippocampus (A) of Npc-null and ANPC mice compared with WT, APP-Tg and Dhet mice. Quantitative analysis of
phospho-tau levels normalized to total tau showed hyperphosphorylation of tau protein specifically in the cerebellum of Npc-null and ANPC mice compared with
other genotypes (C, D). The increased level of phospho-tau was more pronounced in the ANPC than Npc-null mice. The caspase-cleaved tau level showed
marked increase in the cerebellum (B, D) but not in the hippocampus (A, C) of Npc-null and ANPC mice than WT, APP-Tg and Dhet mice. The alteration
in the levels of cleaved tau was found to be more pronounced in ANPC mice than Npc-null mice. (E—G) Representative images from WT (E), Npc-null (F)
and ANPC (G) cerebellar sections showing immunolabeling for cleaved Tau antibody. The values are expressed as means + SEM; n = 4—6 animals per geno-

type. *P < 0.05.

Supplementary Material, Fig. SSA and B). Our results clearly
showed that cathepsin D levels and activity were significantly
higher in the hippocampus and even more pronounced in the
cerebellum of ANPC and Npc-null mice compared with other
lines of mice (Fig. 9A—D). Itis of interest to note that the activity
of this enzyme was found to be increased more profoundly in
ANPC cerebellum compared with Npc-null mice (Fig. 9D).
Our subcellular fractionation results further revealed that cyto-
solic cathepsin D levels were higher in the cerebellum of
ANPC and Npc-null mice compared with WT mice (Fig. 9F).

Similar to cathepsin D, the levels of cytochrome ¢ and Bcl-2-
associated X protein (Bax), but not apoptosis inducing factor
(AIF), were increased in the cerebellar cytosolic fraction of
ANPC and Npc-null mice compared with other lines (Fig. 9F,
Supplementary Material, Fig. S5B). The relative change was
found to be more obvious in the ANPC than Npc-null mice
(Fig. 9F). In contrast to the cerebellum, alterations in hippocam-
pal cytosolic cathepsin D, cytochrome ¢ and Bax levels were less
apparent in ANPC and Npc-null mice compared with WT mice
(Fig. 9E, Supplementary Material, Fig. SS5A). It is also of interest
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Figure 9. (A-B) Immunoblots and respective histograms showing increased mature Cat D levels in the hippocampus (A) and cerebellum (B) of 7-week-old
ANPC and Npc-null mice compared with age-matched WT, APP-Tg and Dhet mice. Note the relatively greater fold increase in Cat D levels in the cerebellum
than the hippocampus of ANPC and Npc-null mice compared with other genotypes. Protein levels were normalized to 3-actin. (C—D) Histograms showing Cat D
enzyme activity in the hippocampus (C) and cerebellum (D) of 7-week-old APP-Tg, Dhet, Npc-null and ANPC mice expressed as a percentage of activity in WT.
Note the relatively greater increase in Cat D activity in the hippocampus and cerebellum of ANPC mice compared with other genotypes. (E—F) Representative
immunoblots showing a subcellular distribution of Cat D, Cyto ¢, Bax and AIF in the hippocampus (E) and cerebellum (F) of 7-week-old WT, Npc-null and
ANPC mice. Note the relatively higher cytosolic levels of Cat D, Cyto ¢, and Bax in the cerebellum than the hippocampus of Npc-null and ANPC mice compared
with WT. Immunoblots for GAPDH, N-cadherin and Histone 3 represent the loading controls for the cytosolic, membrane and nuclear fractions, respectively. Cat
D, cathepsin D; cyto ¢, cytochrome c; Bax, Bcl-2-associated X ptotein; AIF, apoptosis-inducing factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
Histogram values represent means + SEM; n = 4—6 animals per genotype. *P < 0.05.

to note that changes observed in the hippocampus did not reveal
much variation between ANPC and Npc-null mice as evident in
the cerebellum. The cytosolic levels of cathepsin D, cytochrome
¢ and Bax in APP-Tg and Dhet mice did not differ from the WT
mice in either brain region (Supplementary Material, Fig. SSA
and B).

Effect of 2-HPC treatment

To determine whether lowering cholesterol accumulation can
attenuate the aforementioned abnormalities, we injected WT,
Npc-null and ANPC mice with 2-HPC or saline at postnatal
day 7 and then evaluated their behavioral and pathological
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Figure 10. (A-C) Effect of 2-HPC treatment on survival, cognitive and motor
analysis in ANPC and Npc-null mice. (A) Survival curve showing that 2-HPC
treatment significantly prolonged the life of both ANPC and Npc-null mice
(P <0.0001 by log-rank test) compared with saline-treated mice. (B and C)
Histograms showing that 2-HPC treatment significantly improved the perform-
ance of Npc-null and ANPC mice in 3-h object recognition memory (B) and
rotarod (C) tests compared with their respective saline-treated control
groups but had no effect on the WT animals. The values are expressed as
means + SEM, with n = 610 for each group. *P < 0.05.

features at 4 or 7 weeks of age. The ANPC and Npc-null mice
treated with 2-HPC lived significantly longer than the respect-
ive saline-injected mice (ANPC median survival: 103 days
versus 69 days; Npc-null median survival: 107 days versus
85 days) (Fig. 10A). Additionally, our results clearly showed
that 2-HPC treatment can lead to significant improvement in
the motor and cognitive performances of 7-week-old ANPC
and Npc-null mice compared with the respective saline-treated
genotypes (Fig. 10B and C).
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Figure 11. (A—H) Effect of 2-HPC treatment on cholesterol accumulation in
Npc-null and ANPC mice. Filipin labeling in the hippocampal (A, B, C, D)
and cerebellar (E, F, G, H) brain sections of Npc-null (A, B, E, F) and
ANPC (C, D, G, H) mice revealed no apparent cholesterol accumulation in
2-HPC-treated mice compared to saline-treated control mice. n=3-4
animals per treatment group.

At the cellular level, we observed that 2-HPC treatment
was able to sequester filipin-labeled cholesterol accumulation
in most neurons in 4-week old ANPC and Npc-null mice
(Fig. 11A—H). Accompanying these changes, the number of
surviving Purkinje cells in treated ANPC and Npc-null mice,
albeit significantly lower than WT mice, was found to be
doubled compared with the saline-injected ANPC and Npc-null
mice (Fig. 12A—E). Our immunohistochemical analysis further
showed a significant decrease in the activation of GFAP-labeled
astrocytes and Ibal-labeled microglia in both the hippocampus
and cerebellum of 2-HPC-treated ANPC and Npc-null mice com-
pared with the respective saline-treated animals (Fig. 13A—P).
The beneficial effects of 2-HPC were also reflected with a sub-
stantial increase in CNPase immunoreactivity, suggesting preser-
vation of brain myelination (Fig. 13Q—X). More interestingly,
2-HPC treatment, as evident from our western blot analysis,
markedly attenuated the enhanced levels of phospho-ERK1/2 in
the cerebellum of ANPC and Npc-null mice (Fig. 14A and B).
This was accompanied by a parallel increase in total-tau and a de-
crease in cleaved tau levels in the cerebellum of 2-HPC-treated
ANPC and Npc-null animals compared with the respective
saline-injected genotypes (Fig. 15A and B).
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Figure 12. (A-E) Photomicrographs and histograms showing the effect of
2-HPC treatment on the cerebellar Purkinje cell viability in Npc-null and
ANPC mice. (A—D) Representative cerebellar sections from 7-week-old
saline- (A, C) and 2-HPC- (B, D) treated Npc-null (A, B) and ANPC (C, D)
mice showing a calbindin-positive Purkinje cell layer. (E) Quantitative ana-
lysis revealed a significant increase in the survival of cerebellar Purkinje
cells in 2-HPC-treated Npc-null and ANPC mice compared with the respective
saline-treated control mice. The values are expressed as means + SEM, with
n = 3—4 animals for each group. *P < 0.05.

DISCUSSION

Using a new line of bigenic ANPC mice, the present study
shows that overexpression of APP in the absence of functional
Npcl protein can significantly decrease longevity, impair
motor and object recognition memory functions, exacerbate

glial pathology and accelerate degeneration of neurons. This
is accompanied by altered function of the EL system and
increased phosphorylation and cleavage of tau protein. Neuro-
pathological abnormalities are more profound in the cere-
bellum, exhibiting a significant loss of neurons than the
relatively spared hippocampus in ANPC mice. This is sup-
ported by the results which showed that (i) proliferation of
astrocytes and microglia and loss of myelin are notably
higher in the cerebellum than the hippocampus, (ii) phosphor-
ylation and cleavage of tau protein are selectively enhanced in
the cerebellum and (iii) cytosolic levels of cathepsin D, cyto-
chrome ¢ and Bax are increased more predominantly in the
cerebellum than the hippocampus. It is also of interest to
note that cerebellar dysfunctions in ANPC mice are conspicu-
ously more severe than in Npc-null, Dhet, APP-Tg and WT
mice. Reversal of accumulated cholesterol by 2-HPC treat-
ment not only prolongs the lifespan but also attenuates behav-
ioral and glial pathology in ANPC mice. This is accompanied
by enhanced survival of neurons and decreased phosphoryl-
ation/cleavage of tau protein. Collectively, these results
suggest that overexpression of APP in the Npc-null mice can
influence longevity as well as a wide spectrum of behavioral
and neuronal abnormalities associated with NPC disease,
whereas reversal of cholesterol accumulation is beneficial in
attenuating these abnormalities.

Multiple lines of evidence have shown that elevated choles-
terol levels can influence APP metabolism as well as AD-related
pathology (47). Conversely, APP-Tg mice exhibit altered levels
of lipids surrounding plaque cores that may have a role in the
dynamic of amyloid aggregation (48). The present study
clearly reveals that APP overexpression did not elicit any
obvious alterations either on intracellular accumulation or
total levels of cholesterol in Npc-null mice. This could possibly
reflect a compensatory adjustment where increased cholesterol
levels in the cell bodies are obscured by its reduction in
myelin, the major repository of cholesterol in the central
nervous system (26). Overexpression of APP, however, drastic-
ally reduces the lifespan of Npc-null mice along with a progres-
sive decline in their body weight. This is interesting in the
context of the results, which showed that decreasing de novo
cholesterol synthesis/turnover by deleting the 24-hydroxylase
gene can prolong the lifespan of APP-Tg mice (49). Accom-
panying the mortality rate, object recognition memory and a
spectrum of sensorimotor functions including locomotor activ-
ity and gait coordination are impaired earlier in ANPC mice
than in Npc-null, APP-Tg, Dhet and WT mice. Given the evi-
dence that all these mice were generated on the same outbred
genetic background, the behavioral changes observed in
ANPC mice most likely reflect the influence of APP overexpres-
sion in the context of an Npc-null genotype, rather than the co-
incident segregation of (hypothetical) modifier genes. Prior
studies have reported motor impairments in the Npc-null mice
(37) and object memory deficits in APP-Tg mice without any
evidence of motor dysfunction (30). Our results, however,
reveal that overexpression of APP induces early motor and
object memory deficits in Npc-null mice compared with other
littermates. While object memory relies on the integrity of
entorhinal-hippocampal circuitry (50), the cerebellum is
known to play a critical role in regulating normal motor activity
(51,52). The early manifestation of behavioral deficits in ANPC
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Figure 13. (A-X) Photomicrographs showing the effect of 2-HPC treatment on different glial markers in the hippocampus and cerebellum of Npc-null and
ANPC mice. Note the attenuation in the proliferation/activation of GFAP-labeled astrocytes (A—H) and Ibal-labeled microglia (I-P) in the hippocampus
(A,B,E,F, 1,J, M, N) and cerebellum (C, D, G, H, K, L, O, P) of 2-HPC-treated Npc-null (B, D, J, L) and ANPC (F, H, N, P) mice compared with the respective
saline-treated control (A, C, E, G, I, K, M, O) mice. The expression of CNPase-immunoreactive oligodendrocytes was found to be increased in the hippocampus
(Q,R, U, V) and cerebellum (S, T, W, X) of 2-HPC-treated Npc-null (R, T) and ANPC (V, X) mice compared with respective saline-treated control (Q, S, U, W)
mice. n = 3—4 animals per treatment group.
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Figure 14. (A and B) Immunoblot analysis showing the effect of 2-HPC treat-
ment on phospho-ERK1/2 levels in Npc-null and ANPC mice. (A) Represen-
tative immunoblots illustrating reversal in the increase of phospho-ERK1/2
levels in 7-week-old Npc-null and ANPC cerebellum following 2-HPC treat-
ment. (B) Quantitative analysis of phospho-ERK1/2 normalized to total ERK
levels illustrating significant down-regulation in phosho-ERK1/2 levels in
2-HPC-treated Npc-null and ANPC compared with their respective saline-
treated groups. The values are expressed as means + SEM, with n =4 for
each group. *P < 0.05.

mice possibly relates to their neuropathological abnormalities
that precede those found in Npc-null and APP-Tg mice.

Earlier studies have shown activation of both astrocytes and
microglia in APP-Tg and Npc-null mice, but loss of myelin
only in Npc-null mice (5,10,53). The overall glial pathology
in ANPC mice is markedly exacerbated at the earlier stages
compared with other littermates, whereas at the later stages it
varies from other genotypes except Npc-null mice. This sug-
gests that APP overexpression may induce early glial activation
in Npc-null mice which can subsequently influence disease
pathology. This is partly reflected in the loss of cerebellar Pur-
kinje cells which is more severe in ANPC than in Npc-null
mice. Interestingly, hippocampal neurons, even though accumu-
late cholesterol, are found to be relatively spared in ANPC mice
as observed in Npc-null mice. It is possible that these neurons
are being protected against toxic insults by an up-regulation of
survival mechanisms as demonstrated in mutant APP-Tg mice
(54) or they might be vulnerable if the animals would have
lived longer.

Most APP-Tg mice do not exhibit any overt loss of neurons,
but there is evidence that defective steroidogenesis (55), ab-
normal lipid trafficking (56) and production of inflammatory
molecules (10) from glia can negatively affect NPC disease
progression and neuronal viability. This is supported by the
observation that an astrocyte-targeted Npcl transgene can
enhance lifespan and decrease neurodegeneration in Npc-null
mice (57). However, two independent studies using a mouse
chimera (58) or a conditional knock-out of Npcl (51) have
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Figure 15. (A and B) Immunoblot analysis showing the effect of 2-HPC treat-
ment on total, phospho and cleaved tau levels in Npc-null and ANPC mice.
(A) Representative immunoblots illustrating reversal in the decrease of total-
tau but no alterations in phospho-tau levels in 7 weeks old Npc-null and ANPC
cerebellum following 2-HPC treatment. Increased levels of caspase-cleaved
tau were also attenuated in 2-HPC-treated Npc-null and ANPC mice compared
with their respective saline-treated control mice. (B) Quantitative analysis
showing reduced phospho-tau/total-tau ratio and cleaved tau products in the
cerebellum of 2-HPC-treated 7-week-old Npc-null and ANPC compared
with their respective saline-treated groups. The values are expressed as
means + SEM, with n = 4 for each group. *P < 0.05.

demonstrated cell autonomous death of Purkinje neurons.
Additionally, neuron-targeted Npcl gene expression was
able to protect neurons and prolonged lifespan in Npc-null
mice (59), suggesting that the loss of Npcl function in
neurons rather than glia may be responsible for the loss of
neurons in ANPC mice.

At present, the precise mechanism that may underlie degen-
eration of neurons in either AD or NPC brain remains unclear,
but there is evidence of up-regulation of lysosomal enzymes in
‘at-risk’ neurons in both the diseases (7,60). This is substan-
tiated by our study, which shows an increased level and activ-
ity of the cathepsin D both in the hippocampus and cerebellum
of ANPC and Npc-null mice. Our subcellular data, on the
other hand, show that cytosolic levels of cathepsin D are mark-
edly increased in the cerebellum, but only slightly increased in
the relatively spared hippocampus of Npc-null and ANPC
mice compared with WT controls. This is accompanied by a
parallel increase in the cytosolic levels of cytochrome ¢ and
Bax in the cerebellum of Npc-null and ANPC mice. The
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magnitude of cytosolic cathepsin D levels, in keeping with the
loss of neurons, is found to be markedly higher in ANPC than
Npc-null mice. There is evidence that increased activity of
enzymes within lysosomes or limited release of enzymes
into the cytosol can prevent sub-lethal damage, whereas sus-
tained release of the enzymes into the cytosol can induce
cell death (43,45). Thus, it is likely that enhanced levels of
cathepsin D in the hippocampus may counter cellular abnor-
malities resulting from APP overexpression/cholesterol accu-
mulation or may not reach levels necessary to mediate cell
death. On the other hand, larger increases in cytosolic levels
of the enzyme in the cerebellum, resulting from lysosomal de-
stabilization, may lead to death of neurons. This is supported
by two lines of evidence: (i) Purkinje cells, but not hippocam-
pal neurons, are labeled with cleaved caspase-3 in ANPC and
Npc-null mice and (ii) cytosolic cathepsin D levels did not
differ in hippocampus or cerebellum among APP-Tg, Dhet
and WT mice, which do not exhibit any loss of neurons.

Apart from lysosomal dysfunction, the presence of tau-
positive NFTs represents a striking similarity between AD
and NPC pathologies (15,16). The formation of tangles result-
ing from phosphorylation of tau protein has been implicated in
the degeneration of neurons in many taupathies including NPC
and AD brains by triggering loss of microtubule binding and
impaired axonal transport (61). Tau phosphorylation is
usually mediated in a site-specific manner by various kinases
including ERK1/2, GSK-3b and Cdk-5 (62,63). Although tau
is known to be phosphorylated in APP-Tg and Npc-null
mice, there is no evidence of its association with the loss of
neurons or tangle formation in any region of the brain (64—
66). Our results clearly show that while the total-tau levels
are decreased, phospho-tau levels in relation to total tau are
increased in the cerebellum but not in the hippocampus of
ANPC and Npc-null mice. These changes are significantly
higher in ANPC than Npc-null mice and are accompanied by
an increase in phospho-ERK1/2 and a decrease in p35 levels.
Since partial or complete loss of tau expression can reduce life-
span and exacerbate pathology in Npc-null mice (67) and inhi-
bitors of Cdk-5 can attenuate tau phosphorylation as well as the
phenotype in Npc-null mice (37,68), it is likely that alterations
in the levels and phosphorylation of tau in the cerebellum of
ANPC and Npc-null mice may be involved in the loss of Pur-
kinje neurons. Additionally, we showed that caspase-cleaved
tau levels are selectively increased and expressed in the Pur-
kinje neurons of ANPC and Npc-null mice. Since truncated
tau generated by caspases tends to assemble more rapidly
into filaments than full-length tau (69,70) and is able to
trigger neurodegeneration by reducing the pool of full-length
tau available for binding to microtubules (40—42), it is likely
that cleaved tau in ANPC and Npc-null mice may also contrib-
ute to the loss of Purkinje neurons.

Since neuropathological abnormalities in mutant ANPC
mice were evident primarily in brain regions that are preferen-
tially vulnerable to cholesterol accumulation in NPC path-
ology, we treated the animals with 2-HPC—which binds to
cholesterol and facilitates its exit from lysosomes even in
the absence of functional Npcl protein (71). A number of
recent studies have shown that single or repeated administra-
tion of 2-HPC can increase lifespan, delay motor impairments
and reduce neuronal cholesterol accumulation in Npc-null
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mice. Additionally, 2-HPC treatment is able to attenuate de-
generation of neurons as well as glial pathology in Npc-null
mice (33—35,72). Our results also clearly show that single sys-
temic administration of 2-HPC at postnatal day 7 can not only
prevent cholesterol accumulation but also prolong the lifespan
and attenuate both motor and object recognition memory def-
icits in ANPC and Npc-null mice. Additionally, a marked re-
duction in the glial pathology and protection of Purkinje cells
are apparent in 2-HPC-treated ANPC and Npc-null mice com-
pared with the respective saline-treated mice. These cellular
changes are accompanied by a significant reversal of phospho-
ERK1/2 levels as well as phosphorylation and cleavage of tau
in the cerebellum of ANPC and Npc-null mice. Given the bene-
ficial effects of a single injection, it would be of interest to deter-
mine whether repeated injections of 2-HPC over time can
completely prevent the dysfunction associated with ANPC
mice. Nevertheless, our results clearly show that overexpression
of APP in Npc-null mice can negatively influence longevity as
well as a spectrum of behavioral and neuropathological features
that can be reversed markedly by 2-HPC treatment. Additional-
ly, this study raises the possibility of a functional interaction
between APP and NPC1 that may have a role in the development
of both AD and NPC diseases.

MATERIALS AND METHODS

Materials

Four to twenty percent Tris—Glycine gels, 4—12% NuPAGE Bis—
Tris gels, NeuroTrace red fluorescent Nissl stain (BrainStain™
Imaging Kit), Alexa Fluor 488/594 conjugated secondary anti-
bodies and ProLong Gold antifade reagent were all purchased
from Life technologies. The DNA isolation kit and Qproteome
cell compartment kit were from Qiagen Inc. Filipin, the cathepsin
D assay kit, and 2-HPC (product H107) were obtained from
Sigma-Aldrich, Inc. The bicinchoninic acid (BCA) protein assay
kit and the enhanced chemiluminescence (ECL) kit were obtained
from ThermoFisher Scientific. Sources of all the primary anti-
bodies used in the study are listed in Table 1. All horseradish per-
oxidase (HRP)-conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology, Inc. All other chemicals were
from Sigma-Aldrich or ThermoFisher Scientific.

Generation of transgenic mice

Mutant human APPKM670/67 INL+V717F transgenic mice
(APP-Tg) maintained on a C3H/C57BL6 background (29)
were obtained from our breeding colony. Heterozygous
Npcl-deficient (Npcl™* ™) mice (32) maintained on a BALB/
¢ background were purchased from Jackson Laboratories.
Mutant APP-Tg mice were first crossed to Npc1™ ™ mice to
produce APP™°Npc1™'~ and APP”°Npcl™ ™ off-springs.
These two lines of mice were subsequently crossed to generate
the following five lines of mice: bigenic APPT°Npcl ™/~
(ANPC), APP™"Npc1™*  (APP-Tg), APP”Npcl /'~
(Npc-null), APP™°Npc1™'~ (double heterozygous: Dhet)
and APP”“Npc1 ™™ (wild-type, WT), all on a C3H/C57BL6/
BALB/c background. Animals of different genotypes used in
a given experiment were obtained from the same breeding
pairs. All animals, maintained on a 12 h light/dark cycle,
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Table 1. Details of the primary antibodies used in this study

Antibody Type IHC/IF dilution WB dilution Source

Apoptosis inducing factor (AIF) Polyclonal n/a 1:200 Santa Cruz Biotechnology, Inc.
Amyloid precursor protein (APP, clone Y188) Monoclonal n/a 1:5000 Abcam®

AT-8 Monoclonal n/a 1:1000 ThermoFisher Scientific
AT-100 Monoclonal n/a 1:1000 ThermoFisher Scientific
AT-180 Monoclonal n/a 1:1000 ThermoFisher Scientific
AT-270 Monoclonal n/a 1:1000 ThermoFisher Scientific
Bcl-2-associated X protein (Bax) Monoclonal n/a 1:200 Santa Cruz Biotechnology, Inc.
Calbindin-D-28K Monoclonal 1:7000 n/a Sigma-Aldrich, Inc.

Cathepsin D Polyclonal n/a 1:200 Santa Cruz Biotechnology, Inc.
Cleaved caspase-3 Monoclonal 1:200 n/a Cell Signaling Technology
2/,3’-Cyclic nucleotide 3’-phosphodiesterase (CNPase) Monoclonal 1:500 1:1000 EMD Millipore, Co.

Cyclin dependent kinase 5 (CdkS5) Monoclonal n/a 1:200 Santa Cruz Biotechnology, Inc.
Cytochrome ¢ Monoclonal n/a 1:1000 BD Transduction Laboratories™
Glial fibrillary acidic protein (GFAP) Polyclonal 1:1000 1:1000 Dako
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Monoclonal n/a 1:1000 Sigma-Aldrich, Inc.

Glycogen synthase kinase-33 (GSK-33) Monoclonal n/a 1:5000 BD Transduction Laboratories™
Histone H3 Polyclonal n/a 1:500 Santa Cruz Biotechnology, Inc.
Tonizing calcium-binding adaptor molecule 1 (Ibal) Polyclonal 1:3000 1:1000 Wako Chemicals, Inc.
N-cadherin Polyclonal n/a 1:200 Santa Cruz Biotechnology, Inc.
Niemann-Pick Type C1 (NPC1) Polyclonal n/a 1:1000 Abcam®

p35 Polyclonal n/a 1:200 Santa Cruz Biotechnology, Inc.
Extracellular signal-regulated kinase 1/2 (ERK1/2) Monoclonal n/a 1:2000 Cell Signaling Technology, Inc.
PHF1 Tau Monoclonal n/a 1:1000 Kind gift from Dr. Peter Davis
Phospho-Thr**%/Tyr*** ERK1/2 (Phospho-ERK1/2) Polyclonal n/a 1:1000 Cell Signaling Technology, Inc.
Phospho-Tyr?'®GSK-3 Monoclonal n/a 1:1000 Upstate Biotechnology Inc.
Postsynaptic density protein 95 (PSD9S5) Monoclonal n/a 1:500 EMD Millipore, Co.
Synaptophysin Monoclonal n/a 1:3000 Sigma-Aldrich, Inc.

Tau, caspase cleaved Monoclonal 1:100 1:1000 EMD Millipore, Co.

Tau-1 Monoclonal n/a 1:1000 EMD Millipore, Co.

Tau-5 Monoclonal n/a 1:2000 EMD Millipore, Co.

B-Actin Monoclonal n/a 1:5000 Sigma-Aldrich, Inc.

THC/TF, immunohistochemistry/immunofluorescence; WB, western blotting; n/a, not used in that specific application.

were bred and housed with access to food and water ad
libitum. The probability of survival was determined by the
Kaplan—Meier technique using GraphPad Prism software.
The maintenance of the breeding colony and the experiments
involving these animals were performed in accordance with
Institutional and Canadian Council on Animal Care guide-
lines. All transgenic mice were identified by a unique ear
notching pattern and genotyped by PCR analysis of tail
DNA as described earlier (29,32).

Behavioral tests

WT, APP-Tg, Dhet, Npc-null and ANPC mice were examined
at 4, 7 and 10 weeks of age for their object recognition
memory and sensorimotor performance as described earlier
(73). All these mice were generated from the same breeding
on a C3H/C57BL6/BALB/c background, thus making it
likely that behavioral changes observed in any of these lines
may be associated with altered expression of APP and/or
Npcl rather than with the background strains. For the object
recognition memory test, mice were first habituated for five
consecutive days and on the sixth day their exploratory behav-
ior towards a familiar and novel object was quantified using a
MI, wherein ‘¢, represents the time exploring an object during
the original exposure and ‘#,” represents the time spent exploring
an object that is novel on re-exposure: MI = (¢, — £,)/(t, + t,).

The motor function of mice from different genotypes was
tested by measurement of latency to fall from a Rotamex-5 ac-
celerating rotarod (Columbus Instruments). All mice were
examined 5 min each four times per day with an inter-trial
interval of 30 min for five consecutive days. A score of
300 s was assigned to a mouse that stayed on the rod for the
full 5 min test period. Gait analysis of the animals was done
from their footprints as described earlier (74). Stride lengths
and hind limb widths were measured manually as the distance
between two paw prints. Mice of different genotypes were also
tested for their open-field activity over a 5-min test session.
Durations of walking, pausing and rearing were analyzed as
indices of spontaneous locomotor activity as described
earlier (73).

Cellular cholesterol assay

The hippocampus and cerebellum of 4-, 7- and 10-week mice
of all five genotypes (n =4 per genotype/age group) were
homogenized and mass of cholesterol was determined using
gas—liquid chromatography as described earlier (44).

Histology and Immunohistochemistry

WT, APP-Tg, Dhet, Npc-null and ANPC mice of 4, 7 and 10
weeks (n = 4-5 per genotype/age group) were transcardially
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perfused and fixed in 4% paraformaldehyde. Brains were sec-
tioned on a cryostat (20 pwm) and then processed as described
earlier (5). To determine cholesterol accumulation, brain sec-
tions from all five genotypes were incubated with 25 wg/ml of
filipin in phosphate buffered saline for 30 min in the dark
under agitation (5). For immunohistochemistry, sections were
incubated overnight at 4°C with the anti-GFAP, anti-Ibal,
anti-CNPase, anti-Calbindin-D-28k, anti-cleaved caspase-3 or
anti-Tau, caspase cleaved antibodies at dilutions listed in
Table 1. Subsequently, sections were incubated with appropriate
HRP-conjugated secondary antibodies (1:400) for enzyme-linked
immunohistochemistry or Alexa Fluor 488/594-conjugated
secondary antibodies (1:1000) for immunofiuorescence
methods. Immunostained sections were examined and photo-
graphed using a Zeiss Axioskop-2 microscope (Carl Zeiss
Canada Ltd.).

Neuronal cell counting

For neuronal quantification, every sixth section from the
hippocampus and cerebellum of 7-week-old mice of different
genotypes were used (n = 3 to 4 per genotype). Hippocampal
sections were stained with NeuroTrace 530/616 red fluores-
cent Nissl stain (1:300), whereas cerebellar Purkinje cells
were labeled using anti-calbindin D-28k antiserum as men-
tioned above. Cell counts were normalized to the CAl area
or the Purkinje layer length and expressed as neuronal
density as described earlier (51).

Western blotting

Hippocampal and cerebellar brain regions were homogenized in
ice-cold RIPA lysis buffer and protein content was determined
using a BCA protein assay kit as described earlier (5). Equal
amounts of protein samples were separated on 4—20% Tris-
Glycine gels or 4—12% NuPAGE Bis-Tris gels and transferred
to nitrocellulose membranes, blocked with 5% non-fat milk
and then incubated overnight at 4°C with either anti-APP,
anti-NPC1, anti-GFAP, anti-Ibal, anti-CNPase, anti-PSD95,
anti-synaptophysin, anti-cathepsin D, anti-AT100, anti-PHF1,
anti-ATS8, anti-AT180, anti-AT270, anti-Tau-5, anti-Tau-1,
anti-Tau, caspase cleaved, anti-phospho-Thr**%/Tyr*** ERK1/2,
anti-ERK1/2, anti-CdkS5, anti-p35, anti-phospho-Tyr*'°*GSK3 or
anti-total GSK-3[3 antisera at dilutions listed in Table 1. On the
following day, membranes were washed, incubated with appro-
priate HRP-conjugated secondary antibodies (1:5000) and immu-
noreactive proteins were visualized using an ECL detection kit.
All Blots were re-probed with anti-f3-actin antibody and quanti-
fied using a MCID image analyzer.

Cathepsin D activity assay

Hippocampus and cerebellum of 7-week-old WT, APP-Tg,
Dhet, Npc-null and ANPC mice (n = 4—8 per genotype) were
homogenized and centrifuged at 4°C for 10 min. The super-
natant was assayed to determine the protein content and then
used to measure the cathepsin D activity using the fluorogenic
assay kit according to the manufacturer’s instructions.
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Subcellular fractionation

Hippocampus and cerebellum of 7-week-old WT, APP-Tg,
Dhet, Npc-null and ANPC mice (n=3-4 per genotype)
were homogenized in ice-cold PBS and fractionated using the
Qproteome cell compartment kit into cytosol, membrane and
nuclear fractions. The protein content of different fractions
was determined using a BCA protein assay kit and equal
amounts of protein were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). Immunoblot-
ting was performed with anti-cathepsin D, anti-cytochrome c,
anti-Bax and anti-AIF antisera as mentioned earlier (44). All
blots were re-probed with anti-glyceraldehyde-3-phosphate de-
hydrogenase (anti-GAPDH), anti-N-cadherin and anti-histone
antibodies to check for equal protein loading for the cytosolic,
membrane and nuclear fractions, respectively.

2-HPC treatment

A subset of WT, Npc-null and ANPC mice were administered
a single subcutaneous injection of either 2-HPC (4000 mg/kg
body weight; 20% wt/vol in saline solution; n = 14—16 per
genotype) or normal saline (n=9-12 per genotype) at 7
days of age at the scruff of the neck as described recently
(34). Following treatment, a subset of mice from saline- and
2HPC-treated groups were kept to determine their longevity,
whereas another subgroup were tested for object recognition
memory and rotarod performance using protocols described
above. In parallel, brains from saline- and drug-treated mice
were collected and processed for histology, immunohisto-
chemistry or immunoblotting as described above.

Statistical analysis

All data are presented as means + SEM. Statistical differences
between the different genotype combinations were tested
using one-way ANOVA followed by Newman—Keuls multiple
comparison post-hoc analysis (Graph-Pad Software, Inc.) with
significance set at P < 0.05. Differences among survival
curves were determined using the log-rank test, whereas stat-
istical differences between saline-and 2-HPC-treated Npc-null
or ANPC mice were tested using the unpaired Student’s #-test
with significance set at P < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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