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FIGURE 6. Involv t of Fyn signaling in cholesterol-dependent modulation of | outgrowth in hippocampal neurons. Cortical (COR) and hippocampal neurons (HIP)

were maintained in Ny-medium for 3 days after plating, and the cultures were treated with 8-CD or cholesterol (CHOL) as described under "Materials and Methods, a,the cultures were
harvested after 5 days in vitro, and each sample was subjected to immunoblot analysis using antibodies specific for flotillin, GM1, and Fyn. b, hippocampal neurons were maintained
in N,-medium for 3 days after plating, and the cultures were treated with B-CD or cholesterol as described under "Materials and Methods.” The hippocampal neurons were then
maintained for another 2 days in the presence or absence of PP2, a Fyn signaling inhibitor, at a concentration of 5 M. The cultures were then harvested and immunostained. ¢,
longest-axon length, axonal plexus length, and dendrite length of the hippocampal neurons not treated (control (CONT)) or treated with B-CD or cholesterol in the presence or
absence of PP2 were quantified. The data represent mean * S.E. Twenty-five cells were analyzed for each treatment. *, p < 0.005; **, p < 0.0001. Three independent experiments
showed similar results.
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enhanced dendrite outgrowth induced by B-cyclodextrin was not
observed (Fig. 6¢, bottom panel).

DISCUSSION

This study showed that cholesterol concentration in hippocampal
neurons was markedly higher than in cortical neurons and that the
neurite outgrowth was significantly greater and the polarity formation
occurred earlier in cortical neurons than in hippocampal neurons. In
contrast, the phospholipid concentrations in these neurons were simi-
lar. Our finding that the cholesterol biosynthetic pathway is highly
enhanced in hippocampal neurons compared with cortical neurons
(supplemental Fig. S2) may explain the difference in cholesterol concen-
tration between these two types of neurons.

Cholesterol depletion from hippocampal neurons markedly
enhanced axon and dendrite outgrowth and accelerated the establish-
ment of cell polarity. The morphological features appeared similar to
those in cortical neurons, suggesting that a high concentration of cho-
lesterol attenuates neurite outgrowth and polarity formation in hip-
pocampal neurons in culture. The finding that both the loading of cho-
lesterol to and the depletion of cholesterol from the cortical neurons
attenuated neurite outgrowth suggests that there may be an optimal
concentration of cholesterol for cortical neurons to exhibit neurite out-
growth (Figs. 3 and 4). This is also the case for hippocampal neurons,
because the neurite outgrowth was inhibited when cholesterol was fur-
ther depleted from cultured neurons by treatment with B-CD twice
(Fig. 5b).

The cholesterol concentration in the Triton X-100-insoluble frac-
tion from hippocampal neurons was greater than that from cortical
neurons, whereas cholesterol concentration in the Triton X-100-
soluble fraction did not differ between these two types of neurons,
indicating that the difference in the concentration of cholesterol in
the Triton X-100-insoluble fraction may explain the neuron-specific
difference in total cholesterol concentration between these two
types of neurons. This notion is supported by the finding that cho-
lesterol concentration in lipid rafts isolated from hippocampal neu-
rons is higher than in those from cortical neurons (Fig. 2). In contrast
to cholesterol concentration, phospholipid concentration did not
show any difference between these two types of neurons. This also
suggests that neuronal differentiation and neurite outgrowth in hip-
pocampal neurons may be modulated by cholesterol in lipid rafts and
raft-localized molecules and that the morphological difference
between cortical and hippocampal neurons can be explained by the
difference in cholesterol concentration between these neurons.

The mechanism by which a decreased level of cholesterol in lipid rafts
modulates neurite outgrowth has not been completely understood.
However, the finding that the enhancement of neurite outgrowth
induced by B-cyclodextrin treatment is accompanied by the recruit-
ment of Fyn to lipid rafts and that the Src family inhibitor PP2 inhibits
axonal elongation induced by B-cyclodextrin treatment suggests that an
increased level of raft-localized Fyn is in part involved in B-cyclodex-
trin-induced axonal elongation in hippocampal neurons. This notion is
supported by previous studies showing that Src family kinases, includ-
ing Fyn, play a critical role in axon outgrowth (27, 28) and that lipid
raft-localized Fyn is more catabolically active than non-raft-localized
Fyn (29, 30).

Another interesting point is that cellular cholesterol concentra-
tion modulates the development of hippocampal neurons but not
that of cortical neurons (Fig. 3), although it modulates neurite out-
growth in both types of neurons (Figs. 4 and 5). As demonstrated
previously (26), neurons initially establish several apparently identi-
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cal, short processes. With culture time, one of the processes begins
to grow very rapidly and becomes an axon, and the other processes
then become dendrites. Interestingly, the establishment of neuronal
polarity in hippocampal neurons depends on cellular cholesterol
concentration; a decreased cholesterol concentration stimulates the
establishment of neuronal polarity, whereas an increased concentra-

_tion of cellular cholesterol inhibits it. This is not the case for cortical

neurons. The present study does not provide any explanation for the
discrepancy in the cell type-specific regulation of polarity formation
mediated by cholesterol. This may suggest that cholesterol is not the
only lipid responsible for the observed alterations and that mem-
brane composition is relevant for cortical neurons. Further study is
required to clarify the mechanism underlying the cell type-specific
regulation of polarity formation mediated by cholesterol.

Recent studies have shown that cholesterol supplied as an apoE-li-
poprotein complex to neurons via apoE receptors plays a critical role in
synaptogenesis, neurite outgrowth, and neuronal repair (9 -11). Most of
the published literature is concerned with only a single neuronal sub-
type, which is not sufficient for the appreciation of the complex role of
cholesterol in neurons. The present study shows that cholesterol
demand and the optimal cholesterol concentration for neurite out-
growth depend completely on the neuronal type and that the mecha-
nism underlying the effect of cholesterol on neuronal maturation
involves the attainment of the optimal cholesterol concentration. There
are issues that need to be elucidated to delineate the mechanisms under-
lying the neuronal type-specific regulation of neurite outgrowth by cel-
lular cholesterol concentration, and it is required to confirm that the
present findings are also the case in vivo. However, the present study
suggests that the role of cholesterol in relation to neuronal phenotypes
and functions should be elucidated in a neuron type- and brain region-
specific manner.
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Niemann-Pick type C1 (NPC1) disease is an autosomal
recessive, fatal disorder characterized by a defect in
cholesterol trafficking and progressive neurodegenera-
tion. The disease is predominantly caused by mutations
in the NPC1 gene; however, it has been assumed that
heterozygous NPCI mutations do not cause any symp-
toms. Here we demonstrate that cholesterol accumula-
tion does not occur in young mouse brains; however, it
doesin aged (104-106-week-old) NPC1+/— mouse brains.
In addition, Purkinje cell loss was observed in aged
NPC1+/- mouse cerebellums. Inmunoblot analysis us-
ing anti-phospho-tau antibodies (AT-8, AT-100, AT-180,
AT-270, PHF-1, and SMI-31) demonstrates the site-spe-
cific phosphorylation of tau at Ser-199, Ser-202, Ser-212,
and Thr-214 in the brains of aged NPC1+/— mice. Mito-
gen-activated protein kinase, a potential serine kinase
known to phosphorylate tau, was activated, whereas
other serine kinases, including glycogen synthase ki-
nase 38, cyclin-dependent kinase 5, or stress-activated
protein kinase/c-Jun N-terminal kinase were not acti-
vated. Cholesterol level in the lipid raft isolated from
the cerebral cortices, ATP level, and ATP synthase ac-
tivity in the cerebral cortices significantly decreased in
the aged NPC1+/~ brains compared with those in the
NPC1+/+ brains. All of these changes observed in
NPC1+/- brains were determined to be associated with
aging and were not observed in the age-matched
NPC1+/+ brains. These results clearly demonstrate that
heterozygous NPC1 impairs neuronal functions and
causes neurodegeneration in aged mouse brains, sug-
gesting that human heterozygous NPC1 mutations may
be arisk factor for neurodegenerative disorders, such as
tauopathy, in the aged population.

Niemann-Pick type C1 (NPC1)! disease is an autosomal re-
cessive disorder characterized by progressive neurodegenera-
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tion including ataxia, dystonia, seizures, and dementia (1). In
NPCl-deficient cells, exogenously transported and endog-
enously synthesized cholesterol accumulate in late endosome/
lysosomes, with delayed cholesterol transport to cellular com-
partments responsible for the regulation of intracellular
cholesterol homeostasis (2-5). In addition to cholesterol, glyco-
sphingolipids and other lipids accumulate in homozygous
NPC1 brains with aging (1, 6). The gene responsible for NPC1
disease, NPC1, was cloned in both humans and mice (7, 8). It
was previously demonstrated that NPC1 plays a key role in the
transport of cholesterol to the trans-Golgi network, plasma
membrane, and endoplasmic reticulum (9-12).

The neuropathological features of NPC1 brains are charac-
terized by the loss of neurons such as Purkinje cells, hyper-
phosphorylated tau, and neurofibrillary tangle formation with
the accumulation of lipid storage bodies and the presence of
dendritic and axonal abnormalities (6, 13—16). These lines of
evidence suggest that the intracellular accumulation of choles-
terol and gangliosides correlates with the progression of NPC1
disease and induces neurodegeneration. However, there is a
different viewpoint on the pathogenesis of NPC1 disease; i.e.
the continuous defective use of cholesterol in NPC1 neural
tissues causes tauopathy (6, 16, 17). This notion is supported by
previous studies showing that there is cholesterol deficiency in
cellular compartments including distal axons (18), although
cholesterol accumulation occurs in the late endosome/lysoso-
mal compartment (4, 5) due to a defect in the transport of
cholesterol, the source of which is either endogenous synthesis
or exogenous uptake.

With respect to neuronal gangliosides, a previous study sup-
ports the notion that the accumulation of gangliosides causes
neurodegeneration (19), whereas another study indicates that
the accumulation of gangliosides is not the cause of neurode-
generation in NPC1 mice (20). A recent study has demon-
strated that impaired neurosteroidogenesis, due to disordered
cholesterol trafficking, affects neuronal growth and differenti-
ation and that allopregnanoclone treatment delays the onset of
neurological symptoms and lengthens the life of NPC1
mice (21).

Our recent study has shown a novel mechanism underlying
neurodegeneration in NPC1 disease, whereby an increased
cholesterol level in mitochondrial membranes adversely affects
mitochondrial membrane potential, the synthesis of ATP, and
the level of cellular ATP in NPC1 mouse brains and neurons
(22). Since mitochondria are a key organelle for steroidogene-
sis, mitochondrial dysfunction may responsible for impaired
neurosteroidogenesis. In addition, this also indicates that not
whole-cell cholesterol level but rather compartment- or or-
ganelle-associated cholesterol level is critical for maintaining
neuronal functions.

This paper is available on line at http://www.jbc.org
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Note that NPC1 disease is an autosomal recessive disease,
and heterozygous carriers of NPC1 mutations are not assumed
to develop any neurological symptoms during their entire life
span, and note that the effect of heterozygous NPC1 mutations
on the development of neurological disorders has not been
extensively investigated. This is also the case for NPC1+/—
mice. However, intermediate abnormalities in terms of choles-
terol metabolism have been shown in nonneuronal cells from
NPC1 patients (23-25) and in nonneuronal tissues or cells from
NPC1+/- mice (26-28). In addition, our recent study has
demonstrated that NPC1+/~ exhibits intermediate dysfunc-
tion in the mitochondria of the brains of NPC1+/— mice at 9
weeks of age (22). These lines of evidence have led us to exam-
ine whether there occurs neuronal dysfunction or damage in
NPC1+/~ mouse brains under certain conditions such as
aging.

In this study, morphological and biochemical studies were
performed on brains of aged heterozygous NPC1+/— mice. In
contrast to what has been assumed, neurodegeneration as dem-
onstrated by Purkinje cell loss, enhanced phosphorylation of tau,
and activated MAPK/ERK1/2 were clearly observed in NPC1+/—
mouse brains. It has been assumed that mutant NPC1 heterozy-
gotes do not develop any clinical symptoms; however, these re-
sults suggest that heterozygous NPC1 mutations may be a risk
factor for tauopathy. Since it is estimated that the incidence of
NPC1 disease is as high as 1:150,000 (1), the percentage of the
total population with the heterozygous NPC1 mutation is esti-
mated to be around 0.5%. Thus, our present results show that
heterozygous NPC1 mutations unexpectedly affect brains with
aging and thus may lead to the investigation of the link between
heterozygous NPC1 mutations and neurodegenerative diseases,
such as Alzheimer disease.

EXPERIMENTAL PROCEDURES

BALB/c NPCINIH Mice—The animal care and experiments using
animals performed in this. study were carried out.in accordance with
institutional guidelines. BALB/c mice carrying the genetic mutation for
NPC1 were obtained from The Jackson Laboratory (Bar Harbor, ME).
These heterozygous mice were bred to acquire NPC1+/+ and NPC1+/—
mice used in this study. The genotypes of the mice were determined
from genomic DNA isolated from tail snip DNA using a PCR-based
method and oligonucleotide primers described previously (7). PCR prod-
ucts were separated using a 1.2% agarose gel. The mice used in this
study ranged from 104 to 106 weeks of age.

Reagents—The monoclonal anti-phospho-independent tau antibody
T46 was obtained from Zymed Laboratories, Inc. (South San Francisco,
CA). The monoclonal anti-tau antibodies AT8 (specific for phospho-
Ser'®® and -Ser??), AT-100 (specific for phospho-Ser®*2 and -Thr?1%),
AT180 (specific for phospho-Thr?®!), and AT-270 (specific for phospho-
Thr'8?) were purchased from Innogenetics (Ghent, Belgium). The mono-
clonal anti-tau antibody SMI31 (specific for phospho-Ser®®®) was pur-
chased from Sternberger Monoclonals Inc. (Baltimore, MD). The
monoclonal anti-tau antibody, PHF-1 (specific for phospho-Ser®®® and
-Ser*®*), was kindly provided by Dr. P. Davies (Albert Einstein College
of Medicine). Rabbit polyclonal antibodies specific for phospho-MAPK/
ERKV/2 (specific for phospho-Thr?°? and -Tyr?%), pan-MAPK/ERK1/2,
phospho-SAPK/JNK, and pan-SAPK/JNK and a monoclonal antibody
recognizing phospho-GSK-38 (specific for phospho-Tyr®"® and -Tyr®!¢)
were purchased from Cell Signaling Technology (Beverly, MA). The
monoclonal anti-phospho-independent GSK-38 antibody was purchased
from BD Transduction Laboratories (Lexington, KY). The rabbit anti-
p35 antibody, which reacts with the p35 and p25 regulatory subunits of
cyclin-dependent kinase 5 (Cdk5), was obtained from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). The polyclonal anti-calbindin D28K
was obtained from Chemicon International (Temecula, CA). The mono-
clonal anti-flotillin-1 antibody and anti-g-tubulin antibody were pur-
chased from Covance (Richmond, CA) and BD Transduction Laborato-
ries (San Jose, CA), respectively. Horseradish peroxidase-conjugated
cholera toxin B and the filipin complex were purchased from Sigma.

Histological Analysis—The mice were sacrificed by CO, inhalation
and perfused intracardially with 0.1 M phosphate-buffered saline (PBS)
containing heparin (50 units/ml). The brains were removed and fizxed in

27297

4% paraformaldehyde in PBS overnight at 4 °C and then rinsed with
PBS and cryoprotected in a solution of 30% sucrose in PBS. Fixed
tissues were sectioned on a semimotorized rotary microtome (LEICA
RM2145, Wetzlar, Germany) at 30 um and processed for immunohis-
tochemistry with the anti-calbindin D28K (1:500) and ATS8 (1:500).
Immunoreactivity was detected with diaminobenzidine using the ABC
Elite kit according to the manufacturer’s instructions (Vector Labora-
tories, Burlingame, CA). For cresyl violet staining, slides were im-
mersed in 70, 80, and 95%, ethanol for 5 min each and in 100% ethanol
for 5 min and then in xylene for 15 min. The slides were then sequen-
tially immersed back in 100, 95, and 70% ethanol solutions and distilled
water for 5 min in each. The slides were stained for 1 min in filtered
cresyl violet solution and then briefly rinsed twice in distilled water.
They were then sequentially dehydrated again in 70, 80, 95, and 100%
ethanol solutions for 2 min each. The slides were placed in xylene for
another 10 min and then mounted with Permount. For double fluores-
cence staining, the sections were treated overnight with calbindin
D28K antibody (1:500) and AT-8 antibody (1:500) at 4 °C overnight,
followed by incubation with second antibodies, rhodamine-conjugated
goat anti-rabbit IgG (Chemicon International, Temecura, CA) diluted at
1:500, and fluorescein isothiocyanate-conjugated goat anti-mouse IgG
(American Qualex, San Clemente, CA) diluted at 1:50, for 1 h at room
temperature. The slides were then washed with PBS and mounted with
Vectashield (Vector). For costaining with calbindin D28K antibody and
filipin, the sections were incubated overnight with calbindin D28K
antibody (1:500) at 4 °C overnight, followed by washing three times for
5 min each using 100 pg/ml filipin in PBS and then incubated with
rhodamine-conjugated goat anti-rabbit IgG (1:500) for 1 h at room
temperature. The slides were then washed with PBS and mounted with
Vectashield (Vector). Fluorescent images were obtained using a model
LSM 510 laser-scanning confocal microscope (Zeiss) equipped with a X 63
Plan Apochromat numerical aperture and a 1.4 oil immersion objective.

Protein Preparation—The mice were sacrificed by CO, inhalation,
and their brains were harvested, rinsed in PBS, and immediately frozen
in liquid nitrogen. The cerebrum and cerebellum were separated and
homogenized in 10 volumes of Tris-saline (50 mM Tris-HCI (pH 7.4) and
150 mM NaCl), containing protease inhibitors (Complete™) and phos-
phatase inhibitors (10 uM NaF and 1 mum orthovanadate) using a motor-
driven Teflon homogenizer. The homogenates were centrifuged at
3,000 x g for 10 min at 4 °C, and the supernatants were stored for
biochemical analyses. Protein concentration was determined using the

- bicinchoninic acid protein assay kit (Pierce).-

Determination of ATP Level—ATP level in mouse brain tissues was
determined as previously reported (22). In brief, the homogenates of
cerebrum and cerebellum were centrifuged at 10,000 rpm for 2 min at
4 °C and then rinsed three times with PBS. ATP level in these samples
was determined using the ATP Bioluminescence Assay kit CLS II
(Roche Applied Science). In brief, the pellet was resuspended in 50 pl of
ice-cold ATP lysis buffer (100 mM Tris and 4 mM EDTA, pH 7.75), to
which 150 ul of boiling ATP lysis buffer was added, and the samples
were incubated for 2 min at 99 °C. The samples were centrifuged at
10,000 rpm for 1 min at 4 °C, and the supernatants were collected.
Finally, the ATP level was determined by combining 50 ul of the
supernatant with 50 ul of the luciferase reagent. After a 20-s delay,
chemiluminescence was measured with a 2.6-s integration time using a
microplate luminometer (EG&G Berthold, Bad Wildbad, Germany).
Luciferase activity was expressed in fluorescence units/ug of protein.

Determination of ATP Synthase Activity—Brain mitochondria were
isolated as previously reported (22). For the determination of ATP
synthase activity, 100 pg of mitochondrial protein from each sample
was used to measure the rate of ATP synthesized. The reaction was
initiated by adding 100 pg of mitochondrial protein into 100 ul of
reaction buffer (10 mM K,HPO, (pH 7.4) 300 mM D-mannitol, 10 mM
KCl, and 5 mM MgCl,) at 37 °C. After 1 min, 10 ul of ADP (50 um) was
added, and the intensity of bioluminescence was recorded at 37 °C,
where peak height was proportional to the amount of ATP synthesized.

Immunoblot Analysis—Equal amounts of proteins separated using
4—20% gradient Tris/Tricine SDS—PAGE (Dai-ichi Pure Chemical Co.,
Litd., Tokyo, Japan) were electrophoretically transferred onto a polyvi-
nylidene difluoride membrane (Millipore Corp., Bedford, MA). Nonspe-
cific binding was blocked with 5% fat-free milk in phosphate-buffered
saline containing 0.1% Tween 20. The blots were then incubated with
primary antibodies overnight at 4 °C. For the detection of both mono-
clonal and polyclonal antibodies, appropriate peroxidase-conjugated
secondary antibodies were used in conjunction with SuperSignal chemi-
luminescence (Pierce) to obtain images on the film.

Preparation of Raft Fractions—Detergent-insoluble membrane raft
fractions were obtained according to the established method previously



27298

reported (6). One milliliter of each fraction was sequentially collected
from the top of the gradient. The extraction of lipids and the subsequent
determination of the amounts of cholesterol and phospholipids in each
sample were carried out according to previously described methods (29).

Lipid Analysis—The levels of cholesterol and phospholipids in the
samples were determined using enzymatic methods. Cholesterol level
was determined using a cholesterol determination kit, LTCII (Kyowa
Medex, Tokyo), whereas phospholipid level was determined using a
phospholipid determination kit, PLB (Wako, Osaka, Japan).

Detection of GM1 Ganglioside—For the detection of GM1 ganglioside,
samples from each fraction were dissolved in equal volumes of Laemmli
buffer. They were then subjected to 4—20% gradient Tris/Tricine SDS-
PAGE (Dai-ichi Pure Chemical Co., Ltd.). The separated GM1 gangli-
oside was transferred onto an Immobilon or polyvinylidene difluoride
membrane (Millipore) with a semidry electrophoretic transfer appara-
tus (Nihon Eido, Tokyo, Japan) using a transfer buffer (0.1 M Tris, 0.192

M glycine, and 20% methanol). The membranes were blocked with 5%

fat-free milk in PBS containing 0.1% Tween 20 for 1 h and probed with
horseradish peroxidase-conjugated cholera toxin B (Sigma) (final con-
centration of 42 ng/ml) overnight at 4 °C. In between steps, the mem-
branes were washed four times with PBS-T for 15 min. Bound cholera
toxin was detected using Super Signal Chemiluminescence (Pierce).
Statistical Analysis—Statistical analysis was carried out using Stat-
View computer software (Macintosh version 5.0, Abacus Concepts Inc.,
Berkeley, CA). A p value of <0.05 was considered to be significant.

RESULTS

Cholesterol Accumulation in Brains of Aged NPC1 Heterozy-
gous Mouse—The brains of NPC1+/+ and NPC1+/— mice at
24, 40, and 104-106 weeks of age were isolated, and the levels
of cholesterol and phospholipids were determined. The choles-
terol levels in the cerebrum and cerebellum of the NPC1+/—
mice were significantly elevated compared with those in the
same brain areas of the NPC1+/+ mice at 104—106 weeks of
age (Fig. 1a), whereas the cholesterol levels were similar in the
two groups at 24 and 40 weeks of age (Fig. 1a). The phospho-
lipid levels were similar in the two genotypes at every age
examined.(Fig. 1b). The filipin and calbindin staining of brain
samples (the third lobe of each cerebellum) prepared from the
NPC1+/+ and NPC1+/— mice at 104 weeks of age shows that
cells exhibiting a strong filipin-positive signal in the NPC1+/—
cerebellar section (from the third lobe) are also calbindin-pos-
itive, whereas the calbindin-positive cells in the NPC1+/+
cerebellar section exhibit a very weak signal for filipin staining
(Fig. 1c). These results indicate that cholesterol accumulation
occurs in Purkinje cells of aged NPC1+/~ mouse cerebellum.

Purkinje Cell Loss in Aged NPCI1 Heterozygous Mice—The
cerebellums of NPC1+/+ and NPCl+/— mice at 104-106
weeks of age were immunohistochemically analyzed using the
anti-calbindin antibody, which specifically recognizes Purkinje
cells. The number of anti-calbindin antibody-positive cells de-
creased in the NPC1+/~ cerebrum (Fig. 2, d—f) compared with
that in the NPC1+/+ cerebellum (Fig. 2, a—c), suggesting that
Purkinje cell loss occurred in the aged NPC1+/— cerebellum.
However, this was not the case for the NPC1+/~ cerebellum at
24 and 40 weeks of age (data not shown). Next, the number of
anti-calbindin antibody-positive cells in each lobe of the cere-
bellums of the NPC1+/+ and NPCl+/— mice at 104-106
weeks of age was determined. The number of Purkinje cells was
significantly decreased in first + second, third, seventh, and
eighth lobes of NPC1+/— cerebellum compared with those of
NPC1+/+ cerebellum (Fig. 2g).

Hyperphosphorylation of Tau in NPC1+/— Mouse Brain—
Since neurodegeneration found in the NPC homozygous mouse
brain is accompanied by hyperphosphorylated tau (6, 16), the
sagittal sections of the brains were immunohistochemically
stained using the anti-phospho-tau antibody AT-8. AT-8
stained neurons strongly in the cerebral cortices and hippocam-
pus of the NPC1+/~ mice (Fig. 3, b and d) compared with those
of the NPC1+/+ mice (Fig. 3, a and ¢). For cerebellar sections,
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FiG. 1. Cholesterol accumulation in aged NPCl+/— mouse
brains. Cholesterol and phospholipids were extracted from the brains
of the NPC1+/+ and NPC1+/~ mice at 24, 40, and 104-106 weeks of
age, and their levels were determined. The levels of cholesterol (a) and
phospholipids (b) per mg of protein are shown. *, p < 0.04; ** p < 0.01.
The results represent the mean * S.E. of three different samples and
are representative of three independent experiments. ¢, brain sections
from the third lobes of each cerebellum of NPC1+/+ and NPC1+/—
mice at 104 weeks old were subjected to filipin and calbindin staining as
described under “Experimental Procedures” and visualized using con-
focal laser microscopy. Purkinje neurons demonstrated as calbindin-
positive cells in NPC1+/— mouse cerebellum were strongly stained with
filipin, whereas those in NPC1+/+ mouse cerebellum were only weakly
stained. Scale bar, 25 um.

double staining using anti-calbindin antibody was performed.
The Purkinje cells demonstrated as being calbindin-positive
were very faintly stained with AT-8 in the aged NPC1+/—
mouse cerebellum, whereas calbindin-positive Purkinje cells
were also AT-8-positive in the aged NPC1+/+ mouse cerebel-
lum (Fig. 3, e-k). The ratio of AT-8-positive Purkinje cells to
total Purkinje cells was very high in NPC1+/— mouse cerebella
compared with that of NPC1+/+ mouse cerebella (Fig. 3i).

To verify that the histologic abnormalities are a result of
enhanced tau phosphorylation, immunoblot analysis was con-
ducted using lysates of the NPC1+/+ and NPC1+/— cerebrums
and cerebellums. The antibodies used were T-46, which recog-
nizes phospho-independent tau; AT-8, AT-100, AT-180, AT-
270, PHF-1, and SMI-31, which recognize site-specific phospho-
rylation of tau; and the anti-B-tubulin antibody as an internal
standard. The intensities of the signals corresponding to phos-
phorylated tau demonstrated by AT-8 and AT-100 increased in
the cerebrum and cerebellum of the NPC1+/— mice at 104-106
weeks of age compared with those for the NPC1+/+ mice of at
the same age (Fig. 4a). However, the intensities of the signals
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Fic. 2. Cerebellar histology in aged NPC1+/~ mouse brains.
Brain sections (cerebellum) from the NPC1+/+ and NPC1+/— mice at
104-106 weeks old were subjected to immunohistochemistry using the
anti-calbindin antibody D28, as described under “Experimental Proce-
dures.” Calbindin-immunoreactive neurons in the third lobes of the
cerebellum of NPC1+/+ (a—c) and NPC1+/— (d-f) are shown on differ-
ent scales. Scale bars, 100 um. g, the number of calbindin-immunopo-
sitive neurons was determined in all of the cerebellar lobes of the
NPC1+/+ and NPCl1+/— mice. 20 sections prepared from the
NPC1i+/+ and NPC1+/— mice were counted. Each section contained
489 =* 45 Purkinje cells for the NPC1+/+ cerebellum and 346 + 24
Purkinje cells for the NPC1+/— cerebellum. Data are presented as a
percentage of the number of Purkinje neurons in the NPC1+/+ mice
(n = 5 for each genotype). *, p < 0.05.
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demonstrated by AT-180, AT-270, PHF-1, and SMI-31 did not
differ between samples from the NPC1+/+ and NPC1l+/—
brains (Fig. 4a). The phosphorylation site of tau in the cere-
brums and cerebellums of the NPC1+/+ and NPC1+/— mice at
24 and 40 weeks of age was also determined (Fig. 4, b and ¢,
respectively). The phosphorylation state of tau and the total
tau level in both samples demonstrated by AT-8 and T-46 did
not differ between the NPC1+/+ and NPC1+/— mice (Fig. 4, b
and c).

MAPK Was Activated in NPC1+/— Mouse Brains—Since our
previous reports demonstrated that tau phosphorylation in
NPC1-deficient cells is caused by enhanced MAPK activity (6,
17), the activity of tau kinases including MAPK was deter-
mined. Among the kinases examined, including MAPK/
ERK1/2, GSK-38, JNK, and Cdk5/p25, the levels of phospho-
MAPK/ERK1/2 in the cerebrum and cerebellum of the
NPC1+/— mice at 104-106 weeks of age increased compared
with those for the NPC1+/+ mice (Fig. 5a), whereas the levels
of phospho-GSK-38, -JNK, and Cdk5/p25 remained unchanged
(Fig. 5, b, ¢, and d). The activities of MAPK/ERK1/2 in the
cerebrums and cerebellums of the NPC1+/+ and NPC1+/—
mice at 24 and 40 weeks of age were also determined. The
activities of MAPK/ERK1/2 in both samples did not differ be-
tween the NPC1+/+ and NPC1+/— mice (Fig. 5, ¢ and p).

Cholesterol Level in Lipid Rafts Decreased in NPCI1+/-
Mouse Brains—Because the enhanced MAPK/ERK1/2 activity
due to the decreased cholesterol level in the lipid rafts is sug-
gested to induce tau phosphorylation in NPC1-/— mouse
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F1G. 3. Immunohistochemical analysis of cerebral, hippocam-
pal, and cerebellar sections of 104-106-week-old NPC1+/+ and
NPC1+/- mice. a-d, cerebral and hippocampal sections were sub-
jected to immunohistochemical analysis using the phospho-tau anti-
body AT-8, as described under “Experimental Procedures,” and visual-
ized with diaminobenzidine using the ABC Elite kit. e~ A, for cerebellar
sections, double staining using AT-8 and anti-calbindin antibody was
performed. AT-8-positive neurons were visualized with fluorescein iso-
thiocyanate-conjugated second antibody, and calbindin-positive neu-
rons were visualized with rhodamine-conjugated second antibody. i, the
numbers of AT-8-positive cells in 50 calbindin-positive cells were
counted, and the ratio of AT-8-positive cells to calbindin-positive cells
was calculated. Data represent the mean = S.E. of six samples. *, p <
0.001. Scale bar, 50 um.

brains and NPC1—/- cells (6, 17), lipid compositions in the raft
fractions isolated from the cerebral cortices of the NPC1+/+

. and NPC1+4+/— mice were analyzed. The raft marker GM1

ganglioside was recovered in fractions 4 and 5, and another raft
marker, flotillin-1, was recovered in fraction 5 (Fig. 6¢). The
cholesterol levels in fractions 4 and 5 isolated from the
NPC1+/— brain were significantly lower than those in the
same fractions isolated from the NPC1+/+ brain (Fig. 6a),
whereas the levels of phospholipids in these fractions showed
no significant difference between the two genotypes (Fig. 6b).

Level of ATP in NPC1+/+ and NPC1+/— Brains—Qur pre-
vious study demonstrated that ATP levels in NPC1—/— organs
including the brain, liver, and muscles as well as in NPC1-/—-
cultured neurons decrease compared with those in NPC1+/+
organs and neurons (22); thus, ATP level and ATP synthase
activity in the aged NPC1+/+ and NPC1+/— brains were de-
termined. As shown in Fig. 7, ATP levels in the cerebrum and
cerebellum of the NPC1+/— mice at 104-106 weeks of age
significantly decreased compared with those in the same brain
areas of the NPC1+/+ mice (Fig. 7a). ATP synthase activity in
the cerebellum of the aged NPC1+/— mice also decreased com-
pared with that of the aged NPC1+/+ mice (Fig. 7b).

DISCUSSION

Here we demonstrate for the first time the unexpected phe-
nomenon that neurodegeneration occurs in aged NPCl+/—
mouse brains. This neuronal damage is accompanied by tau
hyperphosphorylation and enhanced MAPK/ERK1/2 activity,
which are observed in young NPC1—-/~ mouse brains and
NPC1—/— cells (6, 17). The significant accumulation of choles-
terol in neurons in the brain and the significant reduction in
cholesterol level in raft fractions isolated from aged NPC1+/-
cerebrums were also observed. These changes are found to
depend on aging in NPC1+/~ mice.
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NPC1 disease is a hereditary disorder that develops in an
autosomal recessive manner; thus, it has been assumed that
heterozygous carriers of NPC1 mutations do not develop any
neurological symptoms during their entire life span (1). It has
also been presumed that this is the case for NPC1+/— model
mice. Therefore, little attention has been paid to whether
NPC1+/- mice develop any symptoms with aging. To our sur-
prise, however, the present study has clearly shown that neu-
rodegeneration demonstrated as Purkinje cell loss accompa-
nied by intracellular cholesterol accumulation and its
deficiency in lipid rafts occurs in the aged NPC1+/— mouse
brain. A few studies have investigated NPC1 heterozygotes and

was performed using anti-pan-ERK and
anti-phospho-ERK antibodies.

have shown that NPC1 heterozygotes have “intermediate” ab-
normalities in cholesterol metabolism at the nonneuronal cell
level (23, 26, 27); however, it has been shown that there is no
significant abnormality in terms of cholesterol metabolism in
cultured NPC1+/— neurons (30) and young NPC1+/— brains
(6). These lines of evidence suggest that cholesterol metabolism
in the central nervous system changes and neurodegeneration
accompanied by abnormal tau phosphorylation occurs only in
aged NPC1+/— mice. The reason for the change in cholesterol
metabolism found only in the aged NPC1+/— brains may be the
expression of the NPC1 protein in NPC1+/~ brains being
approximately half that in NPC1+/+ brains (6), which may
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FiG. 6. Distribution of cholesterol and phospholipids in raft
fractions from brains of 104-106-week-old NPCl+/+ and
NPC1+/- mice. The cell homogenates of the cerebellar cortices of
104-106-week-old NPC1+/+ and NPC1+/~— mice in the presence of 1%
Triton X-100 were subjected to sucrose density gradient ultracentrifu-
gation. The levels of cholesterol (a) and phospholipids (b) in each frac-
tion were determined, and the distribution of such components across
the fractions is shown. ¢, distribution of GM1 ganglioside and flotillin-1,
markers for lipid rafts, across the fractions was determined as de-
scribed under “Experimental Procedures.” The levels of cholesterol (a,
right panel) and phospholipids (b, right panel) in fractions 4 and 5 (raft
fractions) are shown. Data represent the mean * S.E. of six samples.
Two independent experiments showed similar results. *, p < 0.04

very slightly affect cellular cholesterol trafficking. As a result,
it takes a longer time for neurons to show any abnormalities in
terms of cholesterol accumulation in the late endosome/lyso-
some compartment and the subsequent shortage of cholesterol
in other compartments.

Since a decreased cellular cholesterol level stimulates MAPK
activity (17, 31) and tau phosphorylation (32), it is reasonable
to postulate that a reduced cholesterol level in lipid rafts, due
to impaired cholesterol trafficking, increases MAPK activity
and enhances tau phosphorylation in aged NPC1+/- brains.
This is the case for younger NPC1—/— brains; i.e. neurodegen-
eration in NPC1—/- brains is linked with an increased MAPK
activity and enhanced tau phosphorylation induced by a sus-
tained cholesterol shortage due to the absence of its trafficking
(6, 17).

In addition, it is likely that impaired cholesterol trafficking
and the resultant intracellular cholesterol accumulation may
result in an increased cholesterol level in mitochondria, which
induces mitochondrial dysfunction, thereby affecting ATP syn-
thase activity and reducing cellular ATP level, because, as we
have reported, both increased and decreased cholesterol level
in the mitochondrial membrane cause mitochondrial dysfunc-
tion and reduce cellular ATP level, which causes neurodegen-
eration in the younger NPC1—/— mice (22). With these results
taken together, it is possible that the altered cellular choles-
terol metabolism enhances tau phosphorylation and decreases
cellular ATP level, both of which synergistically or independ-
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Fic. 7. ATP level and ATP synthase activity in brains of 104-
106-week-old NPC1+/+ and NPC1+/— mice. a, ATP level was de-
termined in the cerebrum and cerebellum isolated from the NPC1+/+
and NPC1+/— mice at 104-106 weeks of age. For each of the samples,
equal amounts of protein were used to compare ATP level. Data show
mean =+ S.E. of five samples. Two independent experiments show sim-
ilar results. b, the ATP synthase activities in mitochondria isolated
from cerebrum and cerebellum of the NPC1+/+ and NPC1+/— mice at
104-106 weeks of age was determined. The fraction containing purified
brain mitochondria was isolated as described previously (22). The en-
zymatic analysis was performed by measuring the rate of ATP synthe-
sis from ADP (ATP synthesis). The results represent the mean + S.E. of
five different samples and are representative of two independent ex-
periments. *, p < 0.05.

ently induce neuronal neurodegeneration. One may raise the
questions of what causes neurodegeneration, enhanced tau
phosphorylation or low ATP level, and whether these two path-
ways work independently or dependently. The present study
cannot answer these questions. Previous studies demonstrated
that mitochondrial dysfunction with energy depletion causes
cell death (33, 34) and that tau abnormalities alone can cause
neurodegenerative diseases (35, 36), indicating that each path-
way can independently cause neuronal death. However, previ-
ous studies showed that there is a correlation between ATP
level and the activity of tau kinases including MAPK/ERK1/2
(37, 38). These results enable us to assume that mitochondrial
dysfunction with a decreased ATP level and the enhancement
of tau phosphorylation synergistically contribute to neurode-
generation in aged NPC1+/— mouse brains.

Finally, the results of our present study, contrary to what
has been assumed, suggest that heterozygous NPC1 mutations
are a risk for neuronal impairment. Since the ratio of the
population with heterozygous NPC1 mutations is estimated to
be as high as 0.5% (1), our findings lead us to further examine
whether heterozygous NPC1 mutations are a risk for tauopa-
thy, including Alzheimer disease. These issues should be ad-
dressed in future studies.
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Cholesterol- and glycosphingolipid-rich microdomains,
called “lipid rafts,” are suggested to initiate and pro-
mote the pathophysiology of Alzheimer’s disease by
serving as a platform for generation, aggregation, or
degradation of amyloid-§ protein (AB). However, meth-
ods for biochemical isolation of these microdomains
may produce artifacts. In this study, when synthetic
AB1- 40 monomers were added to the brain fragment
at a final concentration of 2.1 pM, followed by homoge-
nization and isolation of lipid rafts by an established
method, AB1- 40 accumulated as oligomers in the lipid
raft fraction. However, in the absence of a brain homo-
genate, synthetic AB1-40 did not accumulate in the
lipid raft fraction. When fractionation was performed in
the absence of synthetic AB1-40 and synthetic AB1-40
was incubated in an aliquot of each fraction, a marked
oligomerization of AB1-40 was observed in the lipid
raft aliquot. These results indicate that exogenous Ap
associates with lipid rafts, and AB bound to rafts forms
oligomers during the isolation of lipid rafts. In addition,
endogenous AB1-40 in a Triton X-100-insoluble fraction
of a brain homogenate of the Tg2576 transgenic mouse
model of Alzheimer's disease formed oligomers when
the fraction was incubated at 4°C for 20 hr. Thus, one
should be careful when one discusses the role of
lipid rafts in amyloid precursor protein processing and
in the generation, aggregation, and degradation of AB.

. ©2005 Wiley-Liss, Inc.
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sphingolipids; Alzheimer’s disease

Alzheimer’s disease (AD) is a slowly progressive neu-
rodegenerative disease accompanied by dementia and
psychological symptoms (Alzneimer, 1907). Extracellular
deposits of the amyloid-f protein (APB) consisting of
39-43-amino-acid peptides, the intracellular formation of
neurofibrillary tangles composed of highly phosphorylated
tau, and synaptic dysfunction accompanied by neurodegen-
eration are the major pathological findings in AD brains
(Alzneimer, 1907). The mechanism underlying the initiation
of the pathological process of AD is postulated to be the
age-related aggregation of AP (Selkoe, 1994; Esiri et al,
1997). This amyloid hypothesis, that is, aggregated/ﬁbrous
AB initiates and promotes AD pathophysiologies that lead
to the development of AD symptoms, has dominated for

© 2005 Wiley-Liss, Inc.

years in the AD research field, and extensive effort has
focused on how the generation and aggregation of A are
modulated and on the roles of AP in the pathogenesis of
AD. Several lines of evidence partially support this notion
by showing that highly aggregated Aﬁ fibrils, but not AB
monomers, induce AD pathologies in vitro and in vivo
(Mattson et al., 1993; Pike et al., 1993; Lorenzo and Yankner,
1994; Estus et al., 1997, Geula et al., 1998; Gotz et al., 2001,
Morishima et al., 2001). However, recent lines of evidence
have shown that not highly aggregated AP but, rather,
smaller assemblies or oligomers of AP have the ability to
disrupt neuronal functions, leading to neurodegeneration
(Lambert et al., 1998; Hartley et al., 1999; Michikawa et al.,
2001; Walsh et al., 2002; Sponne et al., 2003).

It has been shown that the cellular concentrations of
cholesterol and sphingolipid modulate amyloid precursor
protein (APP) processing and A generation (Simons et al.,
1998; Kojro et al., 2001; Sawamura et al., 2004) as well as the
state of tau phosphorylation, synaptic plasticity, and neuro-
degeneration (Fan et al., 2001; Koudinov and Koudinova,
2001; Sawamura et al., 2001). These findings highlighted the
role of lipid rafts, which are microdomains of the plasma
membrane and contain high concentrations of cholesterol
and sphingolipids (Simons and Ikonen, 1997). Lipid rafts
exist as liquid-ordered regions of the membrane that are
resistant to extraction with nonionic detergents and play
important roles in signal transduction, cell adhesion, and
lipid/protein sorting (Sargiacomo et al.,, 1993; Simons and
Tkonen, 1997, Bagnat et al., 2000). Recent lines of evidence
have shown that lipid rafts play a critical role in APP proc-
essing and in the generation and aggregation/deposition of
AP (Lee et al., 1998; Morishima-Kawashima and Ihara, 1998;
Oshima et al., 2001; Ehehalt et al, 2003; Kawarabayashi
et al., 2004). However, it has also been suggested that meth-
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ods for the biochemical isolation of these microdomains
produce artifacts (Harder and Simons, 1997), which limits
our interpretation of results obtained by a biochemical
method of isolating lipid rafts.

Here we experimentally determined whether isolation
of lipid rafts affects the accumulation and aggregation of AP
in the lipid raft fraction by using synthetic AB1-40. We
found that the biochemical isolation of lipid rafts promotes
AP oligomerization. These results suggest that one should
be careful when interpreting the results of APP processing
and AP metabolism in lipid rafts isolated by a classical bio-
chemical method.

MATERIALS AND METHODS

Immunoblot Analysis

For the detection of AP, proteins separated by using
4-20% gradient Trisftricine SDS-PAGE were electrophoretically
transferred onto a nitrocellulose membrane. Highly sensitive
immunoblotting was performed as described previously (Sudoh
et al.,, 1998). For the detection of flotilin-1, a raft marker, and
transferrin receptor, a nonraft marker, proteins separated using
SDS-PAGE were electrophoretically transferred onto a polyvi-
nylidene difluoride membrane (Millipore, Bedford, MA). Non-
specific binding was blocked with 5% fat-free milk in
phosphate-buffered saline containing 0.1% Tween 20 (PBS-T).
The blots were then incubated with a primary antibody over-
night at 4°C. The monoclonal antibodies used were BA27, which
1s specific for the AP1—40 C-terminal site (Asami-Odaka et al.,
1995), antiflotilin-1 antibody (BD Transduction Lab, San Jose,
CA), and antitransferrin receptor antibody (Zymed, San
Francisco, CA). The membrane was then incubated with a goat
anti-mouse peroxidase-conjugated secondary antibody and
visualized with SuperSignal chemiluminescence (Pierce,
Rockford, IL) to obtain images on a film. For the detection of
GM1 ganglioside, the membrane was probed with horseradish
peroxidase-conjugated cholea toxin B (Sigma, St. Louis, MO;
final concentration of 42 ng/ml) overnight at 4°C.

Isolation of Lipid Rafts From Rat Brain Cortex With or
Without Synthetic AB1-40

An SD rat was anesthetized and its brain removed. One
hundred milligrams of the isolated cerebral cortex were used for
lipid raft isolation. The cerebral cortex in a glass/Teflon homoge-
nizer tube (Iuchi, Osaka, Japan) was homogenized in 2.2 ml 1%
Triton X-100/MBS [25 mM 2-(N-Morpholino) ethanesulfonic
acid (MES) and 150 mM NaCl (pH 6.5) with 1% Triton X-100],
including a mixture of protease inhibitors (Complete;
Boehringer Mannheim, Mannheim, Germany), with or with-
out 21 pM synthetic human AB1—40 (Peptide Institute Inc.,
Osaka, Japan). The brain fragments were homogenized with a
glass/Teflon homogenizer (fuchi) with 10 up-and-down strokes
at 3,000 rpm on ice. The homogenates were then sonicated at
4°C and incubated for 1 hr on ice. The final AB1—40 concentra-
tion in the homogenate mixture was 2.1 pM. To prepare a stock
solution of AB1-40, 0.5 mg AP1—40 was dissolved in 60 pl dime-
thylsulfoxide (DMSO), and the solution was then diluted with
PBS to a final concentration of 200 pM. The lipid raft fraction
was obtained from each homogenate as reported previously
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(Lisanti et al., 1994; Sawamura et al., 2001). One milliliter of each
fraction was sequentially collected from the top of the gradient.
The extraction of lipids and the subsequent determination of the
concentration of cholesterol and phospholipids in each sample
were carried out as reported previously (Michikawa et al,

2001).

Isolation of the Triton X-100-Insoluble Fraction From
Tg2576 Mouse Brain

The Tg2576 mouse model of AD (Hsiao et al., 1996) at 13
months of age was anesthetized and the brain was removed. One
hundred milligrams of the cerebral cortex in a glass/Teflon
homogenizer tube (Iuchi) were homogenized in 2.2 ml 1% Tri-
ton X-100/MBS, pH 6.5, including a mixture of protease inhibi-
tors (Complete; Boehringer Mannheim) with 10 up-and-down
strokes at 3,000 rpm on ice. The homogenates were then soni-
cated at 4°C and incubated for 1 hr on ice. One hundred microli-
ters of homogenate were then centrifuged at 100,000g for 1 hr at
4°C. The supernatant was removed and the resultant pellet was
washed in MBS twice, resuspended in 50 pl of MBS, and sub-
jected to highly sensitive immunoblot analysis with BA27 as a
primary antibody.

Lipid Analysis

The concentrations of cholesterol and phospholipid in
the samples were determined by using enzymatic methods as
previously described (Gong et al., 2002). Cholesterol concentra-
tion was determined with a cholesterol determination kit, LTCII
(Kyowa Medex, Tokyo, Japan), whereas phospholipid concentra-
tion was determined with a phospholipid determination kit,
PLB (Wako, Osaka, Japan).

RESULTS AND DISCUSSION

Freshly dissolved AP1—40 remains as monomers, as
demonstrated by immunoblot analysis and thioflavin-T
assay as previously demonstrated (Zou et al., 2002). A rat
brain was removed, and 100 mg of the cerebral cortex were
isolated, to which 24 pl of 200 pM AP1- 40 were added.
The cerebral cortex was then dissected into fragments in
2.2 ml of 1% Triton X-100/MBS containing protease inhib-
itors. The mixture was then homogenized with a glass/
Teflon homogenizer (luchi) with 10 up-and-down strokes,
followed by ultracentrifugation, as described in Materials
and Methods. Samples from the 12 fractions were then
obtained. The concentrations of cholesterol and phospholi-
pids in each fraction were determined, and the recovery of
GM], a lipid raft marker, was demonstrated by electropho-
resis, followed by labeling with horseradish peroxidase-
conjugated choleatoxin. For the sample with AB1- 40, the
main distributions peak of the cholesterol and phospholi-
pids were found in the raft fractions, fractions 4-6, and most
flotilin-1 and GM1, both of which are raft markers, was
recovered in fractions 5 and 6 (Fig. 1a,c,e), whereas transfer-
rin receptor, a nonraft maker, was recovered in fractions
10-12. This indicates that fractions 5 and 6 are the raft frac-
tions. Similar results were obtained for the sample without

exogenously added AB1- 40 (Fig. 1b,d,f).
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Fig. 1. Isolation oflipid raft fraction from a brain fragment with or with-
out exogenous Af1— 40.The brain fragment was subjected to homogeni-
zation in the presence of 1% Triton X-100/MBS with AB1- 40 (2.1 uM;
a,c,e) or without AB1-40 (b,d,f) and fractionated by sucrose density gra-
dient centrifugation as described in Materials and Methods. The fractions

We further analyzed the localization of APB1-40 in
the above-mentioned fractions. Each sample was subjected
to immunoblot analysis using the AP1—40-specific anti-
body BA27. AB1—40 accumulated and was highly oligomer-
ized in fractions 4, 5, and 6 (Fig. 2a). No signal representing
AP1-40 was detected in fraction 5, which was obtained by a
method similar to that used for the sample without exoge-
nously added AP1-40 (Fig. 2b). This indicates that signals

were collected from the top gradient, and 11 fractions were obtained. The
concentrations of cholesterol (a,b) and phospholipids (c,d) in each frac-
tion were determined. The distribution of GM1 (e,f), a lipid raft
marker, across the fractions was determined as described in Materials
and Methods. Three independent experiments showed similar results.

representing the monomers and oligomers of AB1—40, as
shown in Figure 2a, represent exogenously added AB1—40.
We also analyzed a solution containing AP1—40 without a
brain sample by sucrose-gradient ultracentrifugation, iso-
lated fractions, and performed immunoblot analysis. Mono-
meric AB was detected in fractions 8-11, but no AP
oligomers or AP accumulation were detected in the raft
fraction (Fig. 2c). This is because the density of AP is higher
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Fig. 2. Distribution of exogenously added AB1- 40 in lipid raft frac-
tions. Brain fragments in the presence of 1% Triton X-100/MBS with
(a) or without (b) exogenously added AB1— 40 (2.1 pM) were fractio-
nated by sucrose density gradient centrifugation as described in Materi-
als and Methods. AP1- 40 (21 uM) in 1% Triton X-100/MBS solution
in the absence of brain fragments was also subjected to sucrose density
gradient centrifugation (c). The fractions were collected from the top
gradient, and 11 fractions were obtained. Immunoblot analysis using the
anti-AP antibody BA27 was performed. Two independent experiments
showed similar results.

than that of lipid rafts, so AP was recovered in fractions
8-11. The fact that exogenously added AB1-40 was recov-
ered in the raft fraction indicates that AB1-40 binds to lipid
rafts during the isolation of rafts, such as by homogeniza-
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Fig. 3. Incubation of AP1- 40 in lipid rafts promoted AB1- 40 oligo-
merization. Brain homogenate in the presence of 1% Triton X-100/
MBS without exogenously added AP1~ 40 was fractionated by sucrose
density gradient centrifugation as described in Materials and Methods.
The distribution pattern of cholesterol (a) and GM1 (b) showed that
fractions 5 and 6 are the lipid raft fractions. The aliquot of each fraction
was incubated with 10 uM AP1- 40 for 20 hr at 4°C and subjected to
immunoblot analysis using the anti-A1-40 antibody BA27 (c).

tion, and that the binding of AP1-40 to lipid rafts leads to a
shift in its localization to lower density fractions 4, 5, and 6.
Because the AP1—40 recovered in fraction 5 was
highly oligomerized, we determined the effect of lipid rafts
on AP oligomerization. We performed experiments to see
the effect of incubating AB1-40 with raft and nonraft frac-
tions on A aggregation. The fractions were isolated from
rat brain, and cholesterol concentration in each fraction was
determined. The distribution patterns of cholesterol and
GM1 across the fractions show that fractions 5 and 6 repre-
sent lipid raft fractions (Fig. 3ab). The aliquot of each
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Fig. 4. Incubation of Triton X-100-insoluble fraction isolated from
Tg2576 mouse brain promoted Ap oligomerization. Brain homogenate
from APP transgenic mouse (Tg2576) in the presence of 1% Triton X-100/
MBS without exogenously added AP1— 40 was centrifuged, and the Tri-
ton X-100-insoluble fraction was obtained as described in Materials and
Methods. Aliquots of total homogenate and the Triton X-100-insoluble
fraction were immediately frozen at—80°C until use. Aliquots of each sam-
ple were also incubated for 20 hrat 4°C. The protein concentration of these
samples was adjusted to 1.5 mg/ml. An equal amount of protein of each
sample (20 pg proteinflane) was used for immunoblot analysis using
BA27. Results of immunoblot analysis of the Triton X-100-insoluble frac-
tion and total homogenate are shownin aand b, respectively.

fraction was incubated with 10 pM AP1—40 for 20 hr at
4°C and was subjected to immunoblot analysis using the
anti-AB1—40 antibody BA27. Immunoblot analysis showed
a marked oligomerization of AP1-40 in raft fractions 5 and
6 (Fig. 3c). This indicates that lipid rafts have an ability to
promote AP1—40 oligomerization compared with other
fractions. This notion is supported by a series of works
showing that raft-like membranes rich in cholesterol and
GM1 promote AP aggregation (Kakio et al., 2001, 2002).
The present results show that the isolation of lipid
rafts promotes AP1—40 oligomerization when AP1-40
is added exogenously. The question arises, however, of
whether this is also the case for endogenous AP, because the
concentration of exogenous AP used in this study was much
higher than that of endogenous AP in the brain. Therefore,
we examined whether endogenous AP forms aggregates
during the isolation of lipid rafts from the brains of Tg2576
mice, which overexpress human APP695 with “Swedish®

mutation. The oligomerization of endogenous AP was not
detected in lipid raft fractions, probably because of the low
level of AP generated even in Tg2576 mouse brains (data not
shown). Interestingly, however, the oligomerization of
endogenous AP occurred in the Triton X-100-insoluble
fraction, when the fraction was incubated at 4°C for 20 hr
(Fig. 4a, right lane, arrows), which is the same duration for
the isolation of rafts, whereas it did not in a nonincubated
sample (Fig. 4a, left lane). The oligomerization of endoge-
nous AP was not detected in samples of total homogenate
even after the incubation (Fig. 4b). These results suggest that
endogenous A might have a potential for forming oligom-
ers during the isolation of lipid rafts from brains. Overall,
one should be careful in drawing conclusions regarding the
association of AP with lipid rafts in terms of AP localiza-
tion, oligomerization, or degradation, if one uses mainly a
biochemical method. Even if one uses other assays, such as
morphological analysis, it is still possible to overestimate the
extent of AP metabolism occurring in lipid rafts.
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Abstract

Niemann-Pick disease type C (NPC) is characterized by progressive neurodegeneration and arises from mutations in the NPCI gene.
Cholesterol has received most attention in the pathogenesis of NPC, but normalizing lipid levels in humans or mouse does not prevent
neurodegeneration. In NPC mouse, neuronal degeneration in the cerebellum is the most commonly detected change,. and thus previous
studies have tended to focus on the cerebellum. especially Purkinje cells. Although numerous peptides have been found in the mammalian
central nervous system, little data on neurotransmitters in NPC are available, and information on neurotransmitter system abnormalities could
explain the complex and characteristic deficits of NPC. Thus, we performed an immunohistochemical study on NPC mouse cortices to
compare cell numbers exhibiting vasoactive intestinal polypeptide (VIP), neuropeptide Y (NPY), and substance P (SP) immunoreactivity.
In terms of VIP and NPY-immunoreactive (ir) cell numbers in the cerebral cortex, SP-ir cells were significantly reduced by about 90% in
NPC “=) versus NPC “™ mouse, and were also mildly decreased in frontal and parietal NPC ©“/=) versus NPC *'*) mouse cortex. This
study demonstrates for the first time. reduced number of SP-ir cells in the NPC mouse cortex.
© 2005 Elsevier B.V. All rights reserved. ’ ' '
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Topic: Degenerative disease: other
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Niemann-Pick disease type C (NPC) arises from
mutations in the NPC1 gene on chromosome 18 [3], and
is a fatal autosomal recessive neurovisceral disorder [21]
characterized by the progressive neurodegeneration of the
central nervous system (CNS) [6], which leads to premature
death [23]. Cells lacking functional NPC] accumulate
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cholesterol in the lysosomal and late endosomal compart-
ments [12]. Cellular lesions in NPC patients are charac-
terized by impaired LDL (low-density lipoprotein)-derived
cholesterol transport from lysosomes, which results in
lysosomial cholesterol sequestration [28]. In addition to
cholesterol, neutral glycolipids and monosialogangliosides
accumulate in the brains of NPC patients [23]. These lipid
disturbances are essentially localized to gray matter. NPC
patients exhibit increasing loss of motor control, seizures,
and other neuropathological symptoms [22]. Like other
lysosomal storage diseases, NPC disease is associated with
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axonal abnormalities (spheroids, meganeurites, and axonal
dystrophy) and demyelination of the corpus callosum [8]. A
similar metabolic disorder has been previously described in
Balb/C [27] and CS7BI/KsJ] mouse [l]. Every organ

manifests an accumulation of unesterified cholesterol and .

thus the whole body pool of sterol increases almost 3-fold
by the time these animals are 11 weeks old [8]. Many
neurons in the central nervous system show similar
cholesterol-rich inclusions, as evidenced by positive fluo-
rescence in filipin-stained brain sections [14]. However,
normalizing lipid levels in humans and mouse does not
prevent neurodegeneration [23]. Furthermore, evidence
indicates that the concentrations of cholesterol and of its
cytotoxic oxygenated derivatives are not increased in the
brain of NPC mouse [24]. Therefore, a single mechanism
associated with lipid or cholesterol is unlikely to account for
NPC pathology.

Numerous peptides are found in the mammalian central
nervous system. Neuropeptides found in high concentra-
tions in the cerebral cortex include vasoactive intestinal
polypeptide (VIP), neuropeptide Y (NPY), and substance P
(SP) [4]. Thus, details of abnormalities of neurotransmitter
and of their receptors could explain the complex and
characteristic deficits of NPC [5], and comparisons between
NPC neurotransmitter systems at disease onset and in the
non-pathogenic state could be highly informative. However,
previous studies on neurotransmitter expression in NPC
mouse have focused primarily on the cerebellum, and
especially on Purkinje cells, since neuronal degeneration
in the cerebellum and associated brain stem structures is the
most commonly detected change in NPC mouse, and is
consistent with the development of tremor and ataxia [24].
However, a few have attempted to characterize the cell
contents of regions like the cerebral cortex. Yadid et al. [28]
found increased gamma amino butyric acid (GABA) and
reduced serotonin levels in the NPC mouse cortex. These
may be linked to the altered mouse exploratory behavior
because GABA and serotonin are major regulators of
emotional behavior like fear and anxiety [28]. Thus, we
conjectured that changes in neurotransmitters or neuro-
peptides distributions in the cortex of NPC model mouse
might provide information concerning NPC. We were parti-
cularly interested in the changes of immunoreactive (ir) cell
number, which were stained by various neurotransmitters
such as VIP, NPY, and SP. In this study, we quantitatively
determined the cell numbers showing the VIP, NPY, and SP
immunoreactivity (IR) using immunohistochemistry in the
homogenously NPC 1 mutated mouse (—/—) cortex and
compared these with those of the heterogenous (+/—) and
wild (+/+) types.

BALB/c mice carrying the mutated NPC 1 gene were
originally obtained from Dr. Michikawa (Dementia
Research, NILS, Aicht, Japan) [15]. The mouse used in this
study was 11 weeks old. For each VIP, NPY, and SP
antibody, six NPC ©**), five NPC */=), and five NPC -/~
animals of both sexes were used. Additionally, we used all

three types of mouse [six NPC **, five NPC /), and five
NPC ~'7)] at 4 weeks of age to compare developmental SP-
ir cell number changes. Animals were treated in accordance
with the NIH Guide for the Care and Use of Laboratory

- Animals (NIH publication No. 80-23, revised in 1996).

Animals were anesthetized with pentobarbital (100 mg/kg,
i.p.) and perfused transcardially with ice-cold 4% parafor-
maldehyde in 0.02 M phosphate-buffered saline (PBS, pH
7.4). Brains were cryoprotected in a series of cold sucrose
solutions, and sectioned coronally at 30 um on a cryostat.
Immunohistochemistry was performed using the previously
described free-floating method [4]. Rabbit anti-rat VIP
(Diasorin, Cat No. 20077), NPY (Diasorin, Cat. No.
22940), and SP (Diasorin, Cat. No. 20064) antibodies were
used as main primary antibodies at a final concentration of
1.5 mg/ml. In addition, we used another SP primary antibody
(Chemicon, Cat No. MAB 356 at a dilution ratio of 1:3000)
to certify the reliability of our immunohistochemical staining
results. Some of the sections were reacted without primary
antiserum, whereas others were exposed to a primary
antiserum (0.06 mg/ml) that had been preabsorbed for 24 'h
with cognate peptide (0.1 mg/ml). No NPC “** mouse brain
sections showed any of the IR described in this report (Figs.
1B, C). All three types of mouse brain sections were stained
together, thus eliminating experimental condition differ-
ences. To determine whether cell loss had occurred in
NPC /=) mouse, we performed cresyl-violet staining in the
mouse cortex. However, in 11-week-old NPC /=) mouse,
we did not find any significant decrease in cell numbers in all
the cortices of NPC <~/ versus NPC ™) or NPC ™= by
cresyl-violet staining (Figs. 1C-E). For the comparative
analysis of neurotransmitters (VIP, NPY, SP), we selected 5
slides of each cortical area from each mouse, and counted all
specifically stained cells in corresponding areas (Tables 1, 2)
of mouse cerebral cortex for each primary antibody by
optical microscopy. The Student’s r test was used to
determine whether changes in ir cell numbers in each
cortical area were statistically significant (Table 2).
Prominent VIP-ir cells were observed throughout
the cortices of three mouse types [NPC ), NPC /=),
NPC /7). These were mainly present in layers II and III
(Figs. 2A~C) although they were distributed in all layers
of the cerebral cortex. VIP-ir cells were predominantly
bipolar, i.e., with ovoid somata and dendrites oriented
perpendicular to the pial surface (Figs. 2A-C). This
distribution pattern was well preserved and no significant
differences were observed between the cortices of the three
mouse types (Figs. 2A-C, Table 1). NPY-IR showed a
preferential distribution in cells of the 1I/1II and V/VI layers.
Cortical cells exhibited NPY-IR in the dendritic trees of
bipolar and multipolar arrangements, and their cell bodies
were fully stained in all three mouse types (Figs. 2G-I).
When we compared all three mouse types, we were unable to
find notable differences in the number of NPY-ir cells across
mouse cortical areas (Table 2). A slight decrease of NPY-ir
cell number was observed in the retrosplenial granular/
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Fig. 1. In the frontal cortex area 1 of 11-week-old NPC *** mouse, the SP (Chemicon, Cat No. MAB 356) immunoreactivities (IR) were largely confined to
cell bodies and their proximal dendrites of TV-V] layers (A). By cresyl-violet staining, there were no cell number differences in the 1]-week-old NPC /™)
mouse (F) versus age-matched NPC ! (D) or NPC '~ (E) mouse cortex. Sections that were reacted with primary SP antiserum [Cat. No. 20064 (B), and
MAB 356 (C)] that had been preincubated for 24 h with cognate peptide did not exhibit any IR. Scale bars = 100 jim in A, D, E, F, 200 ym in B, C.

agranular NPC /) compared with NPC ¢ cortex (Table
1), where some individual variations in the NPY-ir cell
number were present. In the 11-week-old NPC “**) mouse
cortex, many SP-ir cell bodies were observed in the frontal,
parietal, temporal, and occipital cortex. SP-ir cell bodies
were observed in layers II-VI, and the majority of cells in
NPC ** mouse were bipolar or multipolar in shape (Fig.
2D). In the deeper layers of the 11-week-old NPC ") mouse
cortex, particularly layers V and VI, many arrays of SP-
containing fibers were observed (Fig. 2D). These fibers were
oriented perpendicular to the pial surface, and appeared to be
fibers of passage with few varicosities (Figs. 2D, 3J). SP-ir

cells in 11-week-old NPC “’~) mouse (Figs. 2E, 3B, E. H)
were similar in pattern to those in NPC ***) mouse (Figs. 2D,
3A, D, G) and were observed across all cortical areas. The
number of SP-ir cells was severely decreased (>70%) in all
areas of the 11-week-old NPC ~'=) mouse cortex (Figs. 2F,
3C, F, 1, K) versus those of NPC “*) mouse (Figs. 2D, 3A, D,
G, J, Tables 1, 2). When compared with 11-week-old NPC ¢/
*) mouse, changes in 11-week-old NPC ™/~ were variable in

each cortical area. Moderate (50-70%) SP-ir cell reductions

were observed in the frontal cortex 1 (Fig. 2E, Tables 1, 2), 2,
and 3 and parietal cortex 1 (Figs. 3A—-C, Tables 1, 2). Mild
(15-50%) SP-ir cell reductions were observed in the parietal

Table 1 o '
The number of VIP, NPY, and SP-ir neurons in each area of NPC %", NPC "/, and NPC ‘) mice cerebral cortex
VIP - NPY SP
) (+-) (=/-) () o) - (=19) (+4) @) (=1-)
Frontal Frl 78.1 £ 57 775143 76 £55 355157 357262 361 +£49 67321569 3159+ 369 342+ 53
Fr2 351 £89 352193 3491102 238+24 24681 233114 3026+ 373 1431+ 320 256+ 26
Fr3 516+52 499 +98 52197 378+84 381121 369+106 4413 £ 18.7 2028 £ 106 133+ 19
Cingulate 532+ 64 538477 525+74 326+10 32163 304+43 43841249 4155+ 228 129+ 26
Parietal Parl 793+24 80153 794+86 21.7+68 208+14 219471 6201 534 3908+ 315 683+ 74
Par2 675% 51 683+92 6669 191+52 188 +27 186+%67 5258 % 648 4325+ 273 565 2.8
Temporal Tel 728+ 35 7161108 723+72 23783 225+94 23115 4034 %461 389+ 213 927+ 7.1
Te2 774155 771 +46 769183 180148 195+42 176 +24 43321298 428.6 % 332 979 + 10.7
Tel 528 £ 82 526%54 53457 171 +82 188+£21 173 +£74 2955+ 187 2924+ 162 674 1+ 9.3
Occipital Oc2M 738+ 62 736+ 104 7487 338189 368+ 79 365+59 6328 +21.7 598.1 %239 439 %52
Oc2L 56262 558+55 561+£95 236+36 248+ 35 243 +62 4813 + 423 4685+ 356 326+ 24
OclM 495 % 9 489 +5 485 £ 82 253164 24728 251 +43 4239 % 29.6 409.6 + 325 282+ 1.3
OclB 812+62 802%43 80654 288+8.7 279+ 18 28232 6854+ 63.1 65341 708 468 + 3.4
Perirhinal 76.1 £ 82 768 +91 765183 17991 175+74 169+ 84 682 £ 157 5921+ 136 88+ 22
area
Retrosplenial 52+ 48 517186 51.8+£89 21.7+22 176145 18539 4678 + 384 4135+ 523 134 1.7
granular and
agranular
cortex
Piriform cortex 67.5 £ 11.3 66.8 + 8.3 67+ 96 13.0+38 124+£29 131 +45 1870+ 253 1722+ 219 103 £25

Data = means + SE. (+4) = NPC "%, (+/=) = NPC **"); (~/=) = NPC =7,
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Table 2

Changes of the numbers of VIP, NPY, and SP-immunoreactive neurons in each area of the NPC ¢, NPC -

Area Subdivision ViP NPY SP

(+-) (=/-) (+/-) (—/-) (+/-) (=/-)

Frontal Frl 0 0 0 0 P -=b
Fr2 0 0 0 0 - -t
Fr3 0 0 0 0 b -t

Cingulate 0 0 0 0 0 -t

Parietal Parl 0 0 0 0 - b ---p
Par2 0 0 0 0 _ --

Temporal Tel 0 0 0 0 0 -~
Te2 0 0 0 0 0 -t
Te3 0 0 0 0 0 -t

Occipital 0c2M 0 0 0 0 0 —
Oc2L 0 0 0 0 0 -t
OcIM 0 0 0 0 0 --2
OclB 0 0 0 0 0 R

Perirhinal area 0 0 0 0 0 —-——P

Retrosplenial granular 0 0 - 0 0 -

and agranular cortex
Piriform cortex 0 0 0 0 0 R

® The data were classified into 4 categories comparing the immunoreactive (ir) cell number in NPC (+/—), NPC (—/=) with ir cell number of NPC (+/+)
according to the % of counted cell number [0, no change (—15-15%); —, mild decrease (15-50%);— —, moderate decrease (50-75%);~ — —, severe decrease

(>75%)] and counted the number of cells graded ‘0, -, — -, = - =",
® Sutistically significant area (P < 0.05).

cortex 2 (Tables 1, 2). In particular, few cells showed SP-IR in
the occipital cortex (Fig. 31). At the cellular level, SP-IR in
the 11-week-old NPC ") mouse cortex was mainly
localized in cell bodies and cytoplasmic processes (Fig. 3J).

However, dendrites of SP-ir cells in the cortex of 11-week-
old NPC &™) mouse were markedly shorter and barely
observed (Fig. 3K). Morphologically, the dendrites of SP-ir
cells branched several times in 11-week-old NPC /*) mouse

Fig. 2. Changes in the number of VIP (A, B, C), SP (D, E, F). and NPY (G, H, I} immunoreactive (ir) cells in the frontal cortex arca 1 of NPC = (C, F, 1),
NPC 7 (B, E. H), and NPC *** (A, D, G). A significant reduction of SP-ir cell number and the small number of shortenéd dendritic branches were observed
in frontal cortex area | of the NPC '™ (F). VIP and NPY-ir cells in the frontal cortex area | show no significant differences among the three mice models.

Scale bar = 100 pm,



