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demonstrated by phase-contrast photomicrography and calc-
ein AM staining (Fig. 1a), while treatment with 5-20 um
AB1-40 alone did not affect the neuronal survival (Fig, 1a).
When neurons were treated with freshly prepared 4 um

Fig. 1 Ap1-40 prevents the neuronal death induced by Ap1—42. Rat
embryonic cortical neurons were cultured in N2 medium. Twenty-four
hours after plating, neurons were treated with freshly dissolved
AB1-42 or AB1—40 at various concentrations. Cell viability in each
culture was determined 48 h after the commencement of the treatment
(a). Twenty-four hours after plating, 3 or 4 um AB1-42 was added to
neuronal cultures maintained in N2 medium with or without the pre-
treatment (1 h before the addition of AB1-42) with AB1-40 at various
concentrations. Forty-eight hours after the commencement of the
treatment, the photomicrographs of each culture were taken with (e—g)
or without (b—d) calcein AM staining to determine neuronal survival. (b,
e) Control treatment with DMSO vehicle; (¢, f) 4 pm AB1-42; (d, g)
4 um AB1—-42 and 20 pm AB1-40; (h) neuronal survival in cultures
treated with Ap1-42 plus AB1-40 at various concentrations; (i) neur-
onal survival in cultures treated with A1—42 plus AB40-1 at various
concentrations.

AB1-42, most of the cultured neurons died 48 h after the
commencement of the treatment (Figs lc¢ and f). Surpris-
ingly, neuronal death was prevented in the presence of 20 um
AP1-40 (Figs 1d and g). Neuronal death induced by AB1-42
was prevented by AB1-40 in a dose-dependent manner. Two
micromolar AB1-40 partially protected neurons against the
neurotoxicity induced by 3 M AP1-42, and APB1-40 at
concentration higher than 5 pm afforded the full protective
effect (Fig. 1h). However, A40-1 could not ameliorate the
AP1-42 toxicity (Fig. li). The neuroprotective effect of
AB1-40 may be incomplete, because some neurons treated
with AB1-42 plus AP1-40 showed dystrophy with less
neuronal network compared with the non-treated neurons;
however, neuronal death induced by Ap1-42 was effectively
prevented (Figs 1b—g and h).

Metal chelators have no effect on neurotoxicity of Ap1-42
We have found that AB1-40 has antioxidant activity against
metal-induced oxidative damage by binding and sequestra-
ting transition metal ions (Zou et al. 2002). Previous reports
suggest that AB1-42 toxicity is due to the interaction of
AB1-42 with the transition metals, resulting in the generation
of neurotoxic H,O, (Opazo et al. 2002) and the disruption of
membrane structure (Curtain et al. 2001). Thus, we exam-
ined whether the depletion of metals by metal chelators can
ameliorate the AB1-42 toxicity. Primary cultured neurons
were treated with 2 pm AP1-42 with or without the pre-
treatment with 10 pum AB1-40, 400 um EDTA, 40 um CDTA
or 8 um DTPA. AB1-40 protected neurons, whereas EDTA,
CDTA and DTPA, which rescued neurons from iron-
dependent oxidative stress (Zou et al. 2002), did not protect
neurons against AB1-42-induced death (Table 1). These
results indicate that the neuroprotective action of AB1-40
against the AB1-42-induced neurotoxicity is independent of
its metal-binding capability and that the AB1-42 toxicity, at
least in part, is not dependent on the presence of metal ions in
the culture medium.
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Table 1 Metal chelators have no effect on the neurotoxicity of AB1-42

Neuronal survival (% of

AR1-42 (2 pm) Concentration non-treated cultures)
Control - 366

Ap1-40 10 pm 78 + 5°

EDTA 400 pm 40 £ 1

CDTA 40 pm 33+6

DTPA 8 um 31x5

Cortical neurons were prepared from brains of rat embryo and cultured
in N2 medium as described in Materials and methods. Twenty-four
hours after plating, 2 pm AB1-42 was added to neuronal cultures
maintained in N2 medium with or without the pre-treatment (1 h before
the addition of Ap1-42) with A31-40, EDTA, CDTA or DTPA. The
cuitures were maintained for another 48 h and then the neuronal
survival was determined. Each value represents the mean = SE of
four samples. ®p < 0.001 versus control.
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Fig. 2 Inhibitory effect of AB1—40 on B-sheet transformation of AB1-42.
CD spectra of 10 pm AB1-42, 40 pm Ap1-16, 20 pm AB1-40, a mixture
of 10 pm AB1—-42 and 40 um AB1-16, and a mixture of 10 um AB1-42
and 20 pm AB1—40 in PBS were measured as a function of incubation
time at 37°C. Spectra originating from Ap1-42 at 0 h (a) and after 4 h
of incubation (b) were estimated by subtracting the spectra of AB1-16
or AB1-40 alone from those of the physical mixtures. Trace 1, Ap1-42
alone; trace 2, Ap1—42 + AB1-16; AB1—42 + AB1-40.

Freshly prepared Ap 1-40 inhibits B-sheet transformation
of Af1-42

Because the secondary structure of AP is known to correlate
with neurotoxic activity in vitro (Simmons et al. 1994), we
then examined the P-sheet transformation of AB1—42 alone
and AB1-42 mixed with AB1—40 or a short AP peptide,
APB1-16. Figure 2 shows CD spectra for Ap1-42 alone (trace
1), AB1-42 with ABI-16 (trace 2), and AB1—42 with Af1-40
(trace 3) incubated at 37°C. Spectral contributions from
AB1-16 or AB1—40 were corrected by subtracting the spectra
of AB1-16 or AP1-40 alone, which are characterized by
having random structures, from the spectra of the physical
mixtures. Freshly dissolved peptides showed spectra with
minima around 197 nm, which indicate the predominance of
unordered structures (Fig. 2a). There was no interaction
between the different peptides, because all spectra were
superimposable. After a 4-h incubation (Fig. 2b), the
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spectrum of API1-42 alone exhibited a minimum around
225 nm and became positive below 206 nm, indicating
a conformational change to a B-structure (trace 1). The
co-existence of ABI1-16 and AP1-42 could not inhibit the
B-sheet formation (trace 2). In contrast, the presence of
AB1-40 inhibited structural transition (trace 3): AP1-42
remained a random structure. Because this experiment was
perform in PBS(-), which is metal-ion-free, these results
indicate that AB1-40 protects neurons against AP1-42-
induced neurotoxicity by retaining AB1-42 as a random
structure and probably not by inhibiting transition metal-
dependent oxygen radical generation.

Freshly prepared Ap1-40 inhibits fibril formation of
Ap1-42 both in DMEM/F12 medium and in PBS(-)
Four micromolar AB1-42 was incubated in the DMEM/F12
medium at 37°C overnight with or without AB1-40, AB1-16,
APB25-35, or AP40-1. AP1-40 dose-dependently decreased
the thioflavin-T fluorescence value, indicating that the aggre-
gation of AB1-42 was inhibited, whereas short AP peptides,
APl-16and AB25-35, and reversed peptides, AP40—1, hadno
effect (Fig. 3a). We also examined the fibril formation by
electron microscopy. Ten micromolar AB1—42 was incubated
at 37°C overnight with or without 20 pm AB1-40, 40 pum
AP1-16 or 40 pm AP25-35. Fibrils were formed by AB1-42
alone, AB1-42 with AP1-16, and AB1-42 with AB25-35. In
contrast, Af1-42 with AB1—40 failed to form fibrils, only a
small amount of protofibrils could be observed (Fig. 3b).
AP1-40 inhibited the fibril formation of AB1-42 in PBS(-),
indicating that the inhibitory action of AB1-40 against the
fibril formation of AP1-42 is metal-independent.

Short AP peptides have no inhibitory action against
Ap1-42-induced neurotoxicity

We examined the neuroprotective action of AB1-16 and
APB25-35, in addition to AP1-40, against the neurotoxicity
induced by AB1-42. AB1-40, AB1-16 or AP25-35 was
added to the culture medium and the cultured neurons were
then treated with 3 pm AP1-42. As we expected, among the
peptides examined, only AP1-40 significantly prevented
neuronal death induced by AB1-42 (Fig. 3c). AB1-16 or
APB25-35 neither prevented nor promoted neuronal death.
These results indicate that the ability to inhibit the B-sheet
transformation and fibril formation of AB1-42 is necessary
for the protection of neurons.

Ap1-42 stimulates tau phosphorylation and activates
astrocytes, which are inhibited by concurrent treatment
with Ap1-40 in rat brain

To evaluate the inhibitory action of Af1-40 against AB1-42-
induced neuronal damage in vivo, we have established a rat
model system in order to observe the phosphorylation state
of tau and activation of astrocytes by injecting freshly
solubilized AB1-42 directly into the entorhinal cortex (EC).

© 2003 International Society for Neurochemistry, J. Neurochem. (2003) 87, 609-619



614 K. Zou et al.

_—
)
~

25

Th-T fluorescence (arbitrary units)

(b)

(c)

Neuronal survival (%)
—

N b2 o @ o
o O O o o

c

+ p<0.01
+ p<0.001

All the rats injected with AB1-42, AB1-42 plus AB1-40, or
PBS survived for 3 days after surgery. The rats were then
anaesthetized. The EC and hippocampus were then removed
for analysis. We applied various concentrations (0.001, 0.01,

Fig. 3 AB1—40 inhibits the fibril formation of AB1-42. (a) One millilitre
of 4 um AB1-42 was incubated in DMEM/F12 at 37°C for 24 h with or
without AB1-40, Ap1-16, AB25-35 or AB40~-1 at various concentra-
tions. The samples were centrifuged and the thioflavin-T fluorescence
intensity of precipitates was determined. (b) One millilitre of 10 pm
AB1-42 was incubated in PBS(-) at 37°C for 24 h with or without
20 pm AB1-40, 40 pm AB1-16 or 40 um AB25-35. The samples were
centrifuged and the morphology of fibrils recovered from the bottom
part of the supernatant (50 pL) was analyzed under a transmission
electron microscope. (¢) Ten micromolars AB1-40, 40 um AB1-16 or
40 pm AB25-35 was added to neuronal cultures in the N2 medium
24 h after plating, followed by the addition of 3 um AB1-42. The cul-
tures were then incubated for another 48 h and the neuronal survival
was determined. Three independent experiments showed similar
results. Each value represents the mean x SE of four samples.
*p < 0.01 *p < 0.01 versus none, respectively.

0.1, 1, 10, 100, and 200 pum) of AB1—42 and the effect of
those injections was determined. Consistent with a previous
study (Soto et al. 1998), in the present study, AB1-42 at
concentrations higher than 100 pum has biological effects on
brain cells in vivo. Figures 4(a and b) show the representative
results indicating that AB1-42 injection (200 um, 5 pL)
significantly promoted tau phosphorylation at multiple sites
as demonstrated by immunoblot analysis using site-specific
antiphospho-tau antibodies, AT-8, AT-100, and PHF-I1.
However, injection of 2.5 ul. of AB1-42 (400 um) plus
2.5 uL of AB1-40 (800 pum) or 5 pL of PBS(-) did not cause
such phosphorylation (Figs 4a and b). Total tau protein levels
were not altered among these samples as demonstrated by
immunoblot analysis using the antiphospho-independent tau
antibody, T46 (Figs 4a and b). AB1-42 injection into the EC
also promoted tau phosphorylation at multiple sites in the
hippocampus of the injected side, while AP1-42 plus
AB1-40 or PBS injection did not (Figs 4c and d), indicating
a remote effect of AB1—42 injection. We next determined the
effect of AP peptide injection on the induction of reactive
astrocytes in rat brains. As shown in Fig. 5 and Table 2,
AP1-42 injection increased the number of GFAP-positive
astrocytes in the surrounding regions of the injection scar,
while AB1-42 plus AB1-40 or PBS injection did not. We
also performed Congo red staining of these samples and
found that AB1-42 (100 pm) injected into EC formed Congo
red-positive structure, amyloid, in the injected site, while
coinjection with AB1-40 prevented it (data not shown).

Discussion

We show that AB1-40 serves as a natural inhibitor of AB1-
42-induced neurotoxicity by inhibiting P-sheet transforma-
tion of AB1-42. In in vivo experiments, ABI-40 also
prevented cell damage induced by AB1-42. AP is widely
believed to serve as a neurotoxic molecule generating oxygen
radicals by its interaction with redox-active metal ions, which

© 2003 International Society for Neurochemistry, J. Neurochem. (2003) 87, 609-619
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Fig. 4 Western blot analysis of tau in the injected sites of EC and
hippocampus. Mice were anaesthetized and reagents including 5 pl of
PBS, 5 puL of AB1-42 (200 pm), or 2.5 pL of AB1—42 (400 pm) + 2.5 pl.
of AB1—40 (800 pm) were injected into the EC. The animals were al-
lowed to survive for 3 days, and then the EC and hippocampus were
removed from these rats as described in Materials and methods.
Equivalent amounts of postnuclear supernatant protein from the
injected sites of EC (a) and hippocampus (b) were separated using
10% sodium SDS-PAGE. Separated proteins were transferred onto
PVDF membranes and probed with the site-specific antiphospho-tau
antibodies, AT-8, AT-100, and PHF-1 in addition to phospho-inde-
pendent anti-tau antibody, T46. The intensity of each immunoreactive
signal for these antibodies was analyzed using an NIH image analyzer
(Macintosh). The intensity ratios for each sample/control of EC (¢} and
hippocampus (d) are shown. Each value is the mean + SE of tripli-
cates. *p < 0.05 versus CONT and Ap1-40 + Ap1-42.

is suppressed by the redox-inactive form of zinc or metal ion
chelators (Huang et al. 1999a,b; Cuajungco et al. 2000). In
our previous study, however, we showed that monomeric
AB1-40 can serve as an antioxidant molecule against metal-
induced oxidative damage by sequestrating metal ions and
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Fig. 5 Immunochistochemistry of the injected EC sites using anti-
GFAP antibody. Three days after the injections of 5 pL of PBS, 5 L of
AB1-42 (200 pm), or 2.5 pL of Ap1-42 (400 pum) + 2.5 ul. of AB1-40
(800 pm) into the EC, the animals were re-anaesthetized and their
brains were removed and fixed to prepare tissue sections from the
injected EC sites as described in Materials and methods. The tissue
sections were incubated overnight at 4°C with the monoclonal anti-
GFAP antibody (Chemicon, Temecura, CA, USA, 1:100} in 0.1 m
sodium phosphate buffer containing 1% normal donkey serum and
0.3% Triton X-100. The sections were then incubated with biotinylated
goat anti-mouse IgG, rinsed in PBS, incubated in the avidin-biotin
complex solution, and visualized with a solution of 0.003% H,O, and
0.05% 3,3’-diaminobenzidine in 0.1 M PB. (a) EC site injected with
AB1-42. Arrows indicate the injection scar (x 12.5). (b) Number of
GFAP-positive cells that were observed near the injected site (x 200).
The same area boxed as b in Fig. 5(a). In contrast, no GFAP-positive
cells were found in the EC sites injected with AB1-42 plus A1-40 (c)
or PBS (d) (x 200). Arrows indicate the injection scars.

inhibiting the redox reaction induced by transition metals
(Zou et al. 2002). Metal ions, such as iron, copper and zinc,
were shown to promote AP} aggregation (Bush et al. 1994,
Huang ef al. 1997; Atwood et al. 1998), which is reversed
by treatment with chelators in vitro (Huang et al. 1997) and
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Number of GFAP-positive cells/cm?

Table 2 Number of GFAP-positive celis in
rat  brains injected with  Ap1-42,

Distance from the
scar edge (um)

Ap1-42 (9 slides
from 3 animals)

Ap1-42 + AB1-40 (16
slides from 5 animals)

PBS (8 slides AB1-42 + Ap1-40 or PBS

from 3 animals)

0-500
500-1000

185.9 + 12.1 0
60.0+53 0

0
0

AB1-42, AB1-42 + AB1-40 or PBS was injected into the EC of the rat brains. Three days following
the injections, the brains were removed, fixed to prepare tissue sections, and immunostained using
an anti-GFAP antibody as described in Materials and methods. In order to exclude the GFAP-
positive cells arising from the injection itself, we counted the GFAP-positive cells in an area from
the edge of the injection scar but not from the center of the injection scar. Thus, the GFAP-positive
cells were counted in an area between 0 and 500 pum from the edge of the injection scar and in an
area between 500 and 1000 um from the edge of the injection scar. The GFAP-positive cell number
per em? was then calculated. Each value represents the mean number of GFAP-positive celis/cm?

+ SEM for each treatment.

in vivo (Cherny et al. 2001). However, metal chelators, such
as EDTA, CDTA, and DTPA, which effectively prevent
metal ion-induced oxidative damage on neurons (Zou et al.
2002) and disrupt the aggregation of Ap induced by metals,
could not prevent AB1-42-induced neuronal death in the
present study. In addition, we found that fibril formation of
AB1-42 occurs in PBS(-), a metal-free buffer, which is
inhibited by the addition of AB1—40. These results indicate
that the neuroprotective action of AP1-40 against AB1—42-
induced neurotoxicity observed in this study is unrelated to
its metal sequestration or antioxidation ability.

The possible mechanism by which AB1-42 causes neur-
onal death may be related to the formation of A oligomers
and aggregates. Several lines of evidence show that oligo-
mers or aggregates, both of which contain f-sheet-rich Af,
are required for AP to exhibit neurotoxicity (Simmons et al.
1994). The suggested underlying mechanisms are as follows:
oligomeric and aggregated AP can cause membrane dys-
function and damage (Avdulov ef al. 1997; Kourie and
Henry 2001; Yip ef al. 2001). Our findings that AB1-42
rapidly aggregates and forms fibrils in PBS(-), which does
not contain any metals (Fig. 3b), and that AP1-40 effectively
inhibits P-sheet transformation and the subsequent fibril
formation of AP1-42 in PBS(—) (Fig. 3b), support this
notion. One may say that PBS(-) contains trace metals and
they cause AP1-42 aggregation; however, metal chelators,
EDTA, CDTA, DTPA, and EGTA, did not inhibit A§1-42
aggregation in PBS(-) (data not shown), suggesting that this
is not the case. CD spectrum analysis clearly showed the
mechanism underlying the inhibitory effect of AB1-40 on the
B-sheet transformation of AB1-42: AP1-40 directly interacts
with AP1-42 and inhibits the P-sheet transformation of
AB1-42 (Fig. 2). The lack of such effects of ABI-16
suggests that Leul7-Val40 of AB1-40 is necessary for these
interactions. Indeed, the hydrophobic core Leul7-Ala21 has
been reported to be important for the formation of amyloid
fibrils (Hilbich er al. 1992). This previous report partly

supports our results that under in vitro conditions, 20 pm
AP1-40 does not form amyloid, while AB1-42 immediately
forms amyloid, and AB1-40 inhibits amyloid formation of
AP1-42 (Hasegawa et al. 1999). However, we for the first
time show the biological effect of AB1-40 on AP1-42-
induced neuronal damage in culture and in rat brains.

We also found the protective action of A31-40 against
AP1-42-induced neuronal damage demonstrated as the
promotion of tau phosphorylation and activation of astro-
cytes in in vivo rat brains. The AB1-42 injection into EC not
only promoted tau phosphorylation in the injected sites of
EC, but also in the hippocampus spatially separated from EC,
which was prevented by the concurrent presence of AB1-40.
The interesting point is that tau was similarly hyperphos-
phorylated, not only in the ipsilateral hippocampus, but also
in the contralateral hippocampus (data not shown). Although
the molecular mechanisms of this remote effect of Af1-42
injection into the cortex on tau phosphorylation in the
hippocampus remain to be determined, as the previous report
suggested (Gotz ef al. 2001), damage to presynaptic termi-
nals or axons projecting to the injected sites may retrogradely
promote tau phosphorylation. AP1-40 also inhibits the
activation of astrocytes induced by AB1-42 injected to EC,
suggesting that as observed in cultured neurons, AP1-40
prevents Af1-42-induced neuronal damage in rat brains.

These findings suggest the importance of the ratio of Ap1-
42/AB1-40, because the neuroprotective action of AP1-40
against AB1-42-induced cell death and the inhibitory effect
of AB1-40 on the fibril formation of AB1-42 are AB1—40-
concentration-dependent, that is, APi-42/Af1-40-ratio-
dependent. This may also provide a hypothetical explanation
of the molecular mechanism underlying the observation that
AB1-42/AB1-40 ratio elevation is the major determinant for
the development of familial AD. However, this may not be
the case for the Swedish-type mutation of APP (APPsw),
because the mutation markedly (six- to eightfold of that in
controls) increases the total A concentrations in vitro
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(Citron et al. 1992; Cai et al. 1993) and in vivo (Hsiao et al.
1996), while it does not change the AB1-42/AB1-40 ratio
(Scheuner ef al. 1996, Yan et al. 1999). In the case of
APPsw, it may be possible that high concentrations of AB1-
40 and AB1-42 generated in the central nervous system may
exceed the capacities of AP degradation (Iwata ef al. 2001)
or clearance (Holtzman et al. 1999), allowing AB1—40 and
AB1-42 to remain for a longer time, which in turn may lead
to self-aggregation, subsequent AP deposition, and exhibi-
tion of neurotoxicity. However, transgenic mice doubly
expressing presenilin 1 mutation and APPsw have shown
accelerated AP deposition and AD pathologies compared
with those expressing only APPsw (Borchelt ef al. 1997;
Holcomb et al. 1998; Urbanc et al. 2002), suggesting the
critical role of the AB1-42/AB1-40 ratio in the development
of AD pathologies even in a mouse model with APPsw.

Our present data show that Ap1-40 fully reverses the Ap1-
42-induced neurotoxicity and fibril formation of AB1-42 in
an AB1-40-concentration-dependent manner with a stoichi-
ometry of 1.6-2.5 : 1 between AB1-40 and AP1-42. It is
known that, under normal conditions, the concentration of
AB1-42 is about 10% of total Af and in the case of familial
AD, this can be elevated to approximately 20% of total AB.
These lines of evidence indicate that the concentrations of
AB1-40 are 5- to 10-fold those of AB1-42 in all AD cases and
that, based on our present findings, the concentrations of
AB1-40 are sufficient to prevent Ap1-42-induced pathogen-
csis. This may be because additional factors modulate the
formation of AP oligomers and fibrils (Yanagisawa et al.
1995), which may attenuate the neuroprotective effect of
APB1-40. Our observations in the present study provide new
insight into the specie-dependent functions of A, that is, the
novel neuroprotective function of AfB1-40, the major Af
peptide, against ABI—42-induced neurotoxicity.
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Abstract

Niemann-Pick type C (NPC) disease is a cholesterol-storage
disease accompanied by neurodegeneration with the forma-
tion of neurofibrillary tangles, the major component of which is
the hyperphosphorylated tau. Here, we examined the mech-
anism underlying hyperphosphorylation of tau using mutant
Chinese hamster ovary (CHO) cell line defective in NPC1
(CT43) as a tool. Immunoblot analysis revealed that tau was
hyperphosphorylated at multiple sites in CT43 cells, but not in
their parental cells (25RA) or the wild-type CHO cells. in CT43
cells, mitogen-activated protein (MAP) kinase Erk1/2 was
activated and the specific MAPK inhibitor, PD98059, attenu-
ated the hyperphosphorylation of tau. The amount of protein
phosphatase 2A not bound to microtubules was decreased in

CT43 cells. CT43 cells but not 25RA cells were amphotericin
B-resistant, indicating that cholesterol level in the plasma
membrane of CT43 is decreased. In addition, the level of
cholesterol in the detergent-insoluble, low-density membrane
(LDM) fraction of CT43 cells was markedly reduced compared
with the other two types of CHO cells. As LDM domain plays
critical role in signaling pathways, these results suggest that
the reduced cholesterol level in LDM domain due to the lack of
NPC1 may activate MAPK, which subsequently promotes tau
phosphorylation -in NPC1-deficient cells.

Keywords: Alzheimer's disease, cholesterol, MAP kinase,
Niemann—Pick type C, protein phosphase 2A, tau phos-
phorylation.
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Niemann-Pick type C (NPC) disease is an autosomal
recessive neurovisceral storage disorder that presently has
no therapeutic cure. It is characterized by an accumulation of
cholesterol and other lipids in most tissues and progressive
neurodegeneration marked by premature neuronal death
(Pentchev et al. 1995). It affects children who carry homo-
genous forms of the mutant NPC! gene (Carstea et al. 1997)
and causes death before adulthood. The hallmark of NPC is
an intracellular accumulation of free cholesterol and other
lipids such as sphingolipids, which can be demonstrated as
numerous polymorphous inclusions by electron microscopy,
due to a defect in the sorting/trafficking of cholesterol from
lysosomes and late endosomes (Pentchev eral 1995;
Kobayashi ef al. 1999; Cruz et al. 2000). It is widely
believed that the intracellular accumulation of cholesterol is
mainly caused by the defective transportation of low-density
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lipoprotein (LDL)-derived cholesterol from the hydrolytic
organelle in NPC cells (Blanchette-Mackie ef al. 1988;
Liscum ef al. 1989; Xie ef al. 1999a). Recent studies,
however, have shown that endogenously synthesized cho-
lesterol can also contribute to cholesterol accumulation as a
result of the circulation of cholesterol between the plasma
membrane and endosomal/lysosomal compartments (Cruz
and Chang 2000; Lange et al. 2000).

Mutations in NPCI are known to cause neurological
disorders including ataxia, dystonia, and dementia. In
addition to neuronal storage and neurodegeneration, the
formation of neurofibrillary tangles (NFTs) without amyloid
deposits has been noted in NPC brains (Auer et al. 1995;
Love et al. 1995; Suzuki et al. 1995). The presence of NFTs,
which are composed of paired helical filaments (PHF), is also
known as one of the diagnostic hallmarks of Alzheimer’s
disease (AD; Goedert et al. 1996). The major component of
PHF is hyperphosphorylated tau, which is a microtubule-
associated protein (Grundke-Igbal et al. 1986b; Nukina and
Thara 1986). It has previously been shown that the
phosphorylation of tau prevents it from binding to microtu-
bules (Grundke-Igbal e al. 1986b; Wood et al. 1986; Kosik
et al. 1988; Lee et al. 1991; Goedert et al. 1992b). Although
the phosphorylation of tau in AD is the subject of intense
investigation, the molecular mechanism responsible for this
altered regulation remains to be determined. Since the
involvement of cholesterol in the pathogenesis of AD has
been highlighted (Hartmann 2001; Simons et al. 2001), it is
noteworthy that a perturbation in cholesterol metabolism and
NFT formation without amyloid deposits coexist in the
brains of NPC patients. This may indicate that a disturbance
in cholesterol metabolism is responsible for tauopathy not
only in NPC but also in AD. In support of this assumption,
recent studies have demonstrated that amyloid B-protein
affects cholesterol metabolism (Liu et al. 1998; Michikawa
et al. 2001) and disrupts its homeostasis in neurons (Gong
et al. 2002), and that altered cholesterol metabolism induces
tau phosphorylation in cultured neurons with axonal degen-
eration associated with microtubule depolymerization (Fan
et al. 2001) and in mouse brains (Koudinov and Koudinova
2001). These findings suggest a pivotal role of cholesterol in
a mechanism that promotes tau phosphorylation. We have
recently reported that hyperphosphorylated tau and enhanced
mitogen-activated protein kinase (MAPK) activity are found
in brains of NPC mice (Sawamura et al. 2001); however, the
direct cause and result relationship between enhanced MAPK
activity and tau phosphorylation in NPC1 mice remains
unclear, and the mechanisms promoting MAPK activity and
tau phosphorylation in NPCl-deficient neurons and in
neurons whose cholesterol metabolism is disrupted remains
to be elucidated. These lines of evidence naturally lead us to
a question as to which factor, cholesterol accumulation,
cholesterol shortage due to lack of its trafficking, or other
mechanism related to NPCI deficiency is critical for
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promotion of MAPK activity and subsequent induction of
tau phosphorylation.

Previous studies have demonstrated a crucial role of NPC1
in cholesterol metabolism using a mutant Chinese hamster
ovary (CHO) cell line, CT43, that is deficient in NPC1 due to
premature termination of its translation (Liscum and Klansek
1998; Neufeld er al. 1999; Cruz and Chang 2000; Cruz et al.
2000; Millard et al. 2000). The use of the cell models for
NPC such as CT43 could provide important insights into not
only the role of NPCI in cholesterol metabolism, but also
that of NPC1 and/or cholesterol in the expression of various
phenotypes observed in NPC including tau phosphorylation,
Therefore, to fully understand the molecular mechanisms
underlying tau phosphorylation associated with the genetic
mutation in NPCI, we have established human tau stable
transformant cell lines from NPCl-deficient CT43 cell line
and their parental cell line 25RA (Chang and Limanek 1980,
Hua et al. 1996). In this study, we characterized the
distribution of cholesterol in LDM fraction in NPCI1-
deficient cells and investigated the involvement of tau-
directed kinase, MAPK, and protein phosphatase 2A (PP2A)
in the promotion of tau phosphorylation in these cells. We
found that the distribution of cholesterol in LDM fraction is
markedly reduced, and that tau is hyperphosphorylated at
multiple sites in NPCI-deficient cells, which is induced by
highly activated MAPK and an increased amount of an
inactive form of PP2A.

Experimental procedures

Materials

Amphotericin B, mevalonic acid, mevastatin (compactin), and
3-(4,5-dimethylthiazal-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma (St Louis, MO, USA). MAP kinase
inhibitor, PD98059, was purchased from Promega (Madison, WI,
USA). The monoclonal antibody Tau-1 was obtained from Chem-
icon International (Temecula, CA, USA). The monoclonal antibod-
ies, PHF-1 and CP13, were kindly provided by Dr P. Davies (Albert
Einstein College of Medicine). The monoclonal antibodies AT-100
and AT-180, were purchased from Innogenetics (Ghent, Belgium).
The monoclonal antibody T46 was obtained from Zymed
Laboratories (San Francisco, CA, USA). Rabbit polyclonal anti-
phospho-MAPK (specific for Thr-202/Tyr-204 phosphorylation) and
antiphospho-independent-MAPK antibodies, which recognize anti-
phospho-extracellular signal-regulated kinase 1/2 (Erk1/2) and
antiphospho-independent Erk1/2, respectively, and mouse mono-
clonal antibody against phospho-GSK-3f (specific for serine-9
phosphorylation) were purchased from Cell Signaling Technology
(Beverly, MA, USA). The monoclonal antibody against pan-GSK-
3B was obtained from Transduction Laboratories (Lexington, KY,
USA). The monoclonal antibody against B-tubulin, DMI1A, was
obtained from Sigma. The monoclonal antibodies against phospho-
GSK3pB (specific for tyrosine-216 phosphorylation) and protein
phosphatase 2A (PP2A) were purchased from Upstate Biotechno-
logy (Lake Placid, NY, USA).
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Construction of expression plasmids for transfection

Four-repeat (4R)-tau cDNAs were amplified from human adult
cDNA libraries, and ligated with pCR 2.1 using the Original TA
Cloning kit (Invitrogen Corp., Carlsbad, CA, USA). The EcoRI
fragment containing 4R-tau was isolated and ligated with
pcDNA3 digested with the same endonuclease. The resultant
recombinant plasmid, pcDNA3-4R-tau, was used for further
studies. The entire nucleotide sequence was determined by the
dideoxynucleotide termination method using a DNA sequencer.
Vectors containing 4R-tau cDNA were transfected into each CHO
cell line (wild-type, 25RA, or CT43) using a Polyfect Transfec-
tion reagent (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Clones that survived in Geneticin
(Life Technologies, Rockville, MD, USA; 0.6 mg/mL) were
isolated and maintained in Ham’s F12 medium (Life Technol-
ogies) supplemented with 10% fetal bovine serum (FBS)
containing 0.6 mg/mL Geneticin at 37°C in 5% CO..

Protein preparation

Cultured cells grown in 10-cm dishes were scraped off and
suspended in ice-cold Tris-saline [TS; 50 mm Tris—HCIl (pH 7.4),
150 mm NaCl], containing protease inhibitors (Complete™),
followed by homogenization using a motor-driven Teflon homo-
genizer. The homogenates were centrifuged at 3000 g for 10 min
at 4°C and supernatants were collected for biochemical analyses.
Protein concentrations were determined using the bicinchoninic
acid protein assay kit (Pierce, Rockford, IL, USA). Aliquots of
the supernatant samples containing equal amounts of protein were
subjected to sodium dodecylsulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) for immuncblot analysis as described
previously (Sawamura et al. 2001).

Lipid analysis

Cells of each cell line were seeded in 6-well culture dishes in
medium A (Ham’s F-12 containing 10% FBS). Twenty-four
hours after plating, the cells were washed twice with phosphate-
buffered saline (PBS) and refed with medium A or B [Ham’s F-
12 containing 5% (v/v) lipoprotein-deficient fetal calf serum
(LPDS; Sigma)] and maintained for another 2 days, followed by
washing with PBS three times and drying at room temperature.
Extraction of lipids and subsequent determination of the amount
of cholesterol and phospholipids in each sample were carried out
according to previously described methods (Michikawa et al.
2000). In brief, lipids in the samples were extracted by hexane/
isopropyl alcohol (3 : 2, v/v), and evaporated under N, gas. The
amount of total cholesterol was determined using a cholesterol
determination kit, LTCII (Kyowa Medex, Tokyo, Japan), and that
of free cholesterol was determined using LFC (Kyowa Medex).
The amount of phospholipids was determined using a phosp-
holipid determination kit, PLB (Wako, Osaka, Japan). The
amount of cholesteryl esters was determined by subtracting free
cholesterol from total cholesterol. After extraction of lipids,
proteins in the samples were isolated using 0.1 N NaOH
solution and the cellular protein concentrations were determined
using the bicinchoninic acid protein assay kit (Pierce) using
bovine serum albumin as the standard. The amounts of
cholesterol and phospholipids/mg protein in each sample were
then calculated.

Quantification of intracellular lipids by [*Clacetate labeling
On day 0, cells of each cell line were seeded in medium A in 6-well
culture dishes. On day 1, the cells were washed twice with PBS and
re-fed with medium A or B. On day 3, the cells were pulsed with
37 kBg/mL ["*Clacetate (DuPont NEN) for 2 h. Lipids were
extracted and separated by TLC, and the amounts of ["*Clacetate
incorporated into cholesterol, phosphatidylcholine, and cholesteryl
esters were quantified using Bio-Imaging-Analyzer System-2500
(Fuji Photo Film Co., Ltd, Tokyo, Japan) as previously described
(Michikawa and Yanagisawa 1998, 1999).

Immunoblot analysis

Proteins separated using SDS-PAGE were electrophoretically
transferred onto a polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, MA, USA). Non-specific binding was blocked
with 5% fat-free milk in PBS containing 0.1% Tween-20. The blots
were then incubated with primary antibodies overnight at 4°C. For
the detection of both monoclonal and polyclonal antibodies,
appropriate peroxidase-conjugated secondary antibodies were used
in conjunction with SuperSignal Chemiluminesence (Pierce) to
obtain images saved on film. The primary antibodies used were as
follows: Tau-1, diluted 1 :1000; PHF-1, diluted 1 :20; CP13,
diluted 1 : 20; AT-100, diluted 1 : 500; AT-180, diluted 1 : 500; T46,
diluted 1 : 2500; antiphospho-Erkl1/2 antibody, diluted 1 : 1000;
antiphospho-independent Erk1/2 antibody, diluted 1 : 1000; anti-
phospho-GSK-3f antibody (specific for serine-9 phosphorylation),
diluted 1 : 1000; antiphospho-GSK-3p antibody (specific for tyro-
sine-216 phosphorylation), diluted 1 : 500; antipan-GSK38 anti-
body, diluted 1 : 2500; antif-tubulin antibody, diluted 1 : 500 and
antiprotein phosphatase 2A (PP2A) antibody, diluted 1 : 1000.

Immunoblot detection of protein associated with microtubule
polymers and soluble tubulin

Soluble tubulin and insoluble microtubule polymers were obtained
by scraping of cells of each cell line from 10-cm dish and
suspended in 250 pL of microtubule-stabilizing buffer, i.c. PME
buffer containing 2 mm GTP, 0.1% Triton X-100, 2 mm dithio-
threitol, and a mixture of protease inhibitors, CompleteTM. The
scraped off material in PME buffer was homogenized using a
motor-driven Teflon homogenizer. The homogenate was centri-
fuged at 1000 g for 10 min at 30°C and the supernatant was
obtained for further analyses. Protein concentrations were deter-
mined using the bicinchoninic acid protein assay kit (Pierce).
Aliquots of the supernatant containing equal amounts of protein
were subjected to centrifugation at 204 000 g for 60 min at 30°C,
resulting in the generation of a supernatant fraction containing
soluble tubulin and a pellet fraction containing microtubule
polymers. The pellet fractions were solubilized in SDS buffer
[63.5 mm Tris—HCl buffer (pH 6.8), containing 2% SDS] at 4°C,
followed by sonication to release proteins bound to microtubules,
and then heated at 90°C for 10 min under reductive conditions.
The samples were then centrifuged at 20 630 g for 5 min and the
clear supernatant was subjected to SDS-PAGE for immunoblot
analysis as described previously (Sawamura er al. 2001).

Amphotericin B killing
The effect of amphotericin B on cell killing of CHO cells (wild-type,
25RA, or CT43) was performed according the method described
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previously (Underwood et al. 1998). On day 0, each CHO cell line
was seeded in 96-well plates in Ham’s F12 medium containing 10%
FBS (medium A). On the next day, the culture medium was changed
to Ham’s F12 medium containing 5% LPDS (medium B). On day 2,
each cell line cells were re-fed medium B plus 20 um compactin, an
HMG-CoA reductase inhibitor, and 0.1 mm mevalonate. On day 3,
cells were incubated with Ham’s F12 medium containing 1% LPDS
with or without 100 pg/mL amphotericin B. After 5 h, cells were
washed with Hank’s balanced salt solution (Life Technologies) three
times. Cell viability was determined using a colorimetric MTT assay
as previously reported (Isobe et al. 1999).

Purification of detergent-insoluble, low-density membrane
fraction

LDM fraction was obtained from CHO cells according to an
established method previously reported (Lisanti et al. 1994;
Sawamura ef al. 2000). One milliliter of each fraction was
sequentially collected from the top of the gradient. Extraction of
lipids and subsequent determination of the amount of cholesterol
and phospholipid in each sample were carried out according to
previously described methods (Michikawa et al. 2000).

Detection of GM1 ganglioside

For detection of GM1 ganglioside, samples of each fraction were
dissolved in equal volume of Laemmli buffer. They were then
subjected to 4-20% gradient Tris—tricine SDS-PAGE (Dai-ichi Pure
Chemical Co., Ltd, Tokyo, Japan). The separated GM1 ganglioside
was transferred onto an immobilon or polyvinylidene difluoride
membrane (Millipore) with a semidry electrophoretic transfer appar-
atus (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 concentration at 42 ng/mL) overnight at 4°C. In
between steps, the membranes 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 STATVIEW computer
software (Macintosh version 5.0, Abacus Concepts Inc., Berkeley,
CA, USA). P-value < 0.05 were considered to be significant.

Results

We analyzed the role of intracellular cholesterol in tau
phosphorylation by mainly using two CHO cell lines (25RA,
CT43; Cruz and Chang 2000; Cruz et al. 2000). To study the
phosphorylation of tau in these CHO cell lines, 4R tau was
stably transfected, because CHO cells do not normally
express tau. After transfection, several clones were screened
for tau expression by western blotting of the post-nuclear
fraction with a T46 antibody, which recognizes phospho-
independent tan. Among the cell lines obtained, clone 7 in
tau-transfected 25RA cells and clone 25 in tau-transfected
CT43 cells have similar expression levels of tau (data not
shown). Thus, we used these two lines for further studies.

Tau phosphorylation in NPCl-deficient cells 1089

We examined the features of cholesterol metabolism in
25RA and CT43 cells remain unchanged after transfection
with human tau. The ratio of free cholesterol to total
cholesterol significantly increased in CT43 cells compared to
25RA cells (Fig. la). In contrast, the concentrations of
cholesteryl esters in CT43 cells markedly decreased com-
pared to those in 25RA cells (Fig. 1b). The concentrations of
cholesteryl esters in CT43 cells remained at very low levels
even when the cells were cultured in 10% FBS (27.8 ug/mL
cholesterol) (Fig. 1b). The rate of de rovo cholesterol
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Fig. 1 Determination of concentrations of cholesterol and cholestery!
ester, and synthesis of cholesterol in wild-type CHO, 25RA, and CT43
cells expressing human tau. (a and b) Cells of each cell line were
seeded in medium A in 6-well culture dishes. Twenty-four hours after
plating, the cells were washed twice with PBS and re-fed with medium
A or B and maintained for another 2 days, followed by washing with
PBS three times and drying at room temperature. Lipids were
extracted from each celi line and the concentrations of total and free
cholesterol in each sample were determined according 1o the proce-
dures described in Experimental procedures. The protein concentra-
tions in each sample were determined and the concentrations of each
lipid in the samples were calculated. The ratio of free cholesterol to
total chotesterol was calculated (a) and the amounts of cholesteryi
esters were determined by subtracting free cholesterol from total
cholesterol (b). (c) Cells were plated in medium A in 6-well plates. On
day 1, the media were replaced with medium A or medium B. On day
3, the cells were pulsed with ['“Clacetate for 2 h. Lipids were extracted
and analyzed by TLC, and amounts of [“Clacetate incorporated into
cholesterol were quantified. Values are means + SE, n = 6 for each
culture. Three independent experiments showed similar results.
*p < 0.05 and ***p < 0.0001.
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synthesis in CT43 cells was 2.5- and 3.0-fold higher than that
in 25RA cells in 10% FBS-containing media or 5% LPDS-
containing media, respectively (Fig. 1¢). Cholesterol accu-
mulation as demonstrated by filipin staining and electric
microscopy was observed only in CT43 expressing tau (data
not shown). These results are similar to those reported in
CT43 cells not transfected with tau (Cruz and Chang 2000;
Cruz et al. 2000) and in tissues of NPC mice (Xie et al.
1999a,b), indicating that the overexpression of tau in CT43
cells also has similar features of cholesterol metabolism to
those of NPCl-deficient cells and tissues, which defects
sorting and trafficking of cholesterol from lysosomes and late
endosomes (Pentchev er al. 1995; Kobayashi et al. 1999;
Cruz et al. 2000).

We next examined the phosphorylation state of tau in wild-
type CHO, 25RA, and CT43 cells using several well-
characterized antibodies, which recognize site-specific
phosphorylation of tau. Results of the immunoblot analysis
of tau using the Tau-1 antibody show that tau in the three cell
lines were found to have apparent molecular masses between
49 and 61 kDa (Fig. 2). For samples derived from CT43
cells, the main bands immunoreactive to Tau-1, which
recognizes tau non-phosphorylated at four nearby serine
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Fig. 2 Immunoblot analysis of tau in wild-type, 25RA, and CT43 CHO
cells. Celis of each cell line were seeded in medium A in 10~cm culture
dishes. Twenty-four hours after plating, the cells were re-fed with
medium A and maintained for another 24 h, followed by washing with
PBS three times and the cultured cells were harvested as described in
Experimental procedures. Equivalent amounts of post-nuclear super-
natant protein from wild-type, 25RA, and CT43 CHO cells were sep-
arated using 10% SDS-PAGE. The separated proteins were
immunoblotted with the Tau-1 antibody and the site-specific phospho-
tau antibodies, PHF-1, AT-100, and AT-180, in addition to T46, which
is a phosphorylation-independent antibody. Three independent
experiments showed similar results.

residues at 195, 198, 199, and 202, appear to exhibit slower
electrophoretic mobility (Fig. 2, upper arrow) than the bands
for samples derived from wild-type and 25RA cells (Fig. 2,
signals between the two arrows). These bands of tau
exhibiting slower mobility are known to be characteristic of
phosphorylated tau. Next, we used the site-specific phos-
phorylation-dependent antibodies PHF1, AT-180, AT-100,
and CP13 that recognize the phosphorylated tau epitopes,
Ser396/Serd04, Thr231, Ser214/Thr217, and Ser202, respect-
ively. The upper migrating band representing tau was
strongly reactive to antibodies, PHF-1, AT180, AT-100, and
CP13, when samples from CT43 cells were analyzed. This
was not observed when samples from the wild-type CHO and
25RA cells were analyzed (Fig. 2). In contrast, the expres-
sion level of tau detected by a phosphorylation-independent
antibody, T46, was not significantly altered among these
three cell lines (Fig. 2). The main bands immunoreactive to
T46 for samples derived from CT43 cells exhibit slower
mobility than the bands for samples derived from wild-type
and 25RA cells (Fig. 2). These results indicate that tau is
hyperphosphorylated at sites Ser396/Ser404, Thr231,
Ser214/Thr217, and Ser202 in CT43 cells, but not in wild-
type CHO and 25RA cells.

To determine the molecular basis for the enhanced
tau phosphorylation in CT43 cells, the expression and
phosphorylation state of well-known tau-directed protein
kinases, including MAPK and GSK3B, were determined.
Immunoblot analysis using the antiphospho-MAPK anti-
body, which recognizes only the activated form of Erkl and
Erk2, revealed increased amounts of the active form of
MAPK (Erk1/2) in the samples from CT43 cells compared
to those in the samples from wild-type and 25RA cells
(Fig. 3a). The overall expression levels of MAPK were
determined to be similar among the three cell lines using
antiphospho-independent MAPK antibody (Fig. 3a). Immu-
noblot analysis using the antiphospho-GSK3p antibody
(Ser9), which specifically recongnizes serine-9 phosphory-
lation of GSK3f, showed no alteration in the amount of
inactive form of GSK3f among the three cell lines
(Fig. 3a). Immunoblot analysis using the antiphospho-
GSK3f antibody (Tyr216), which specifically recongnizes
tyrosine-216 phosphorylation of GSK3f, showed no alter-
ation in the amount of active form of GSK3J among the
three cell lines (Fig. 3a). In addition, immunoblot analysis
using antipan-GSK3§ antibody (pan-GSK3f) showed no
alteration in the amount of total GSK3p protein among the
three cell lines (Fig. 3a). These results indicate that GSK3f
is not involved in NPCl-induced tau phosphorylation. To
determine whether phosphorylation of tau occurs down-
stream of the site of MAPK activation, we studied the effect
of a highly selective inhibitor of MAPK kinase activation,
PD98059 (Alessi et al. 1995; Dudley er al. 1995) on tau
phosphorylation. As shown in Figs 3(b and c), PD98059
significantly inactivated MAPK and attenuated signals of
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the PHF-1-immunoreactive band in a dose-dependent
manner in CT43 cells. These results indicate that the
MAPK pathway, but not the GSK3f pathway, is respon-
sible for the hyperphosphorylation of tau in NPC-deficient
cells.

Because phosphorylation of tau has been reported to affect
its ability to bind to microtubules, biochemical and morpho-
logical examinations were performed to confirm whether
microtubule stability was affected by hyperphosphorylated
tau in CT43 cells. Total, monomeric and polymerized forms
of tubulin were extracted from three CHO cell lines and
detected by immunoblot analysis. Western blot analysis using
the antip-tubulin antibody showed that the levels of mono-
meric and polymeric tubulin were not altered among the
three cell lines (Fig. 4a).
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Fig. 3 Determination of phosphorylation state of MAPK and its effect
on tau phosphorylation in wild-type, 26RA, and CT43 CHO celis. Ceils
of each cell line were seeded in medium A in 10-cm culture dishes.
Twenty-four hours after plating, the cells were re-fed with medium A
and maintained for another 24 h, followed by washing with PBS three
times and the cultured cells were harvested as described in Experi-
mental procedures. (a) The post-nuclear fractions of wild-type, 25RA,
and CT43 CHO cells were analyzed for the activation of MAPK and
phosphorylation of GSK3B. MAPK activation was determined by
immunoblot analysis of post-nuclear supernatants using the anti-
phospho-MAPK antibody that primarily recognizes activated Erk1/2.
The total MAPK was similarly determined using the antiphosphoryla-
tion-independent Erki/2 antibody. The level of activation of GSK-3f
was determined using the antiphospho-GSK-3§ antibody specific for
Ser9 phosphorylation and the one specific for Tyr216 phosphorylation.
The total amount of GSK3j} was determined using the antiphospho-
independent GSK3 antibody. (b) CT43 cells were incubated for 48 h
with or without PD98059 (PD), and then the post-nuclear fractions
were analyzed to determine phosphorylation states of Erk1/2 and tau
using antiphospho-Erk1/2 and PHF-1 antibodies, respectively, as
described in Experimental procedures. The total amount of Erk1/2 and
tau in the post-nuclear fractions were determined using the antipho-
sphorylation-independent Erk1/2 and T46 antibodies, respectively.
Four independent experiments showed similar resufts. (c) CT43 cells
were incubated for 48 h with or. without PD, and then the post-nuclear
fractions were analyzed to determine phosphorylation states of tau
using PHF-1 antibody. The immunoreactivity of each sample to PHF-1
antibody was quantified using a Macintosh computer with software
(NIH Image) for densitometric analysis. The data are means + SE for
triplicates. *p < 0.01.

The phosphorylation state of tau is known to be modulated
not only by kinases but also by phosphatases. Among those
candidate enzymes, PP2A is one of the pivotal phosphatases
regulating the phosphorylation state of tau in mouse brains
(Gong et al. 2000; Kins efal. 2001) and AD brains
(Vogelsberg-Ragaglia et al. 2001). We therefore determined
the amount of PP2A bound to microtubules and that not
bound to microtubules in these three cell lines, because its
activity to dephosphorylate tau is ensured when PP2A is not
bound to microtubules (Sontag et al. 1999). As shown in
Fig. 4(a, pellet fraction), PP2A with an increased level was
detected to be bound to microtubules in CT43 compared to
25RA. The amount of PP2A not bound to microtubules
significantly decreased and that bound to microtubules
significantly increased in CT43 cells (Fig. 4b, supernatant).

The results shown in Fig. I, suggest the shortage of
available cholesterol in CT43 cells, giving rise to a question
of whether cholesterol deficiency in a specific compartment
is responsible for the activation of MAPK leading to tau
phosphorylation. To address this question, we have per-
formed an amphotericin B test to compare the cholesterol
levels in the plasma membrane among these three cell lines.
Amphotericin B is a polyene antibiotic that forms pores in
cholesterol-rich membranes (Norman ef al. 1972) and its
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Fig. 4 Determination of the amount of PP2A bound and not bound to
microtubules in wild-type, 25RA, and CT43 CHO cells. Cells of each
cell line were seeded in medium A in 10-cm culture dishes. Seventy-
two hours after plating, the cultured cells were harvested as described
in Experimental procedures. (a) The total (cell extract), polymeric
(peliet), and monomeric (supernatant) forms of tubulin were extracted
from wild-type, 25RA, and CT43 CHO cells as described in Experi-
mental procedures. Western blot analysis was carried out using antif-
tubulin and anti-PP2A antibodies. (b) The intensity of each band was
quantified using a Macintosh computer with software (NIH Image) for
densitometric analysis. The data represent means + SE, n = 4 for
each culture. *p < 0.001 versus wild-type CHO cells.
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Fig. 5 Cell killing activity of amphotericin B on wild-type, 25RA, and
CT43 cells. Wild-type, 25RA, and CT43 cells were grown as described
in Experimental procedures. The cells were incubated in Ham's F12
medium containing 5% FBS, 20 um compactin, and 0.1 mm mevalo-
nate. After 16 h, the cells were treated with 100 pg/mL amphotericin B,
and cell viability was determined using a colorimetric MTT assay as
described in Experimental procedures. Data are expressed as cell
viability ratio of sample culture to that of each controi culture. The data
represent means + SE, n = 6 for each culture. *p < 0.01.

killing action depends on the cholesterol concentration in
the plasma membrane (Underwood et al. 1998). The ratio of
CT43 cells that survived following amphotericin B treatment
was significantly higher than that of 25RA cells (Fig. 5),
indicating that 25RA cells are more sensitive to amphotericin
B than CT43 cells. These results suggest that the cholesterol
concentration in the plasma membrane of CT43 cells is lower
than that of the other two types of cells.

Based on these results, we carried out experiments to
determine whether NPC1 deficiency affects cholesterol
distribution at specific cellular compartments such as LDM
domain or detergent-insoluble, glycolipid-enriched mem-
brane domain (DIG) due to a defect in cholesterol
trafficking. DIGs are rich in sphingolipids and cholesterol
and serve as membranous rafts for recruiting proteins and
lipids that collaborate in signaling (Brown and London
1997; Simons and Ikonen 1997). DIGs were reported to be
fractionated in a Triton X-100-insoluble, low-density frac-
tion by sucrose density gradient ultracentrifugation (Field-
ing and Fielding 1995). Thus, we treated cells with Triton
X-100, separated them in a sucrose density gradient, and
determined the levels of cholesterol, phospholipids, and
GM1, a marker for DIGs, in each fraction. As shown in
Fig. 6, the low-density floating fraction (fraction 4)
enriched in GMI1 contained 16% and 11% of total
cholesterol in wild-type CHO and 25RA cells, respectively,
while only 3.8% of total cholesterol was recovered in
fraction 4 of CT43 cells. In addition, in contrast to the
wild-type CHO and 25RA cells, the distribution peak of
cholesterol in LDM fraction was not observed in CT43
cells, while that of phospholipids and GM1 remained
(Fig. 6a—c). These results suggest that the structure of LDM
domain may have been altered and their function deteri-
orated. In support of this notion, similar results were
obtained in primarily cultured neurons whose cholesterol
level decreased following treatment with compactin, a
3-hydroxy-3-methyglutaryl co-enzyme A (HMG-CoA)
reductase inhibitor. Cultured neurons maintained in a
serum-free medium in the presence or absence of comp-
actin were collected, treated with Triton X-100, separated
in a sucrose density gradient ultracentrifugation, and then
the levels of cholesterol, phospholipids, and GM1 ganglio-
side, a marker for DIG, in each fraction were determined.
As shown in Fig. 7(a), the low-density floating fraction
(fraction 5) enriched in GM! contained 22% of total
cholesterol in non-treated neurons, while only 9.6% of total
cholesterol was recovered in fraction 5 of compactin-treated
neurons. Moreover, the distribution peak of cholesterol in
LDM fraction was not observed in cholesterol-deficient
neurons, while that of GM1 remained (Fig. 7c). Consistent
with the observation in CT43 cells, activation of MAP
kinase was induced in cholesterol-deficient neurons
(Fig. 7d) that have lost the distribution peak of cholesterol
in LDM fraction. The enhancement in MAPK activity in
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Fig. 6 Characterization of LDM fraction of wild-type CHO, 25RA, and
CT43 cells. Wild-type CHO, 25RA, and CT43 cells were homogenized
in the presence of 1% Triton X-100 and fractionated by sucrose
density gradient centrifugation as described previously (Lisanti ef al.
1994). Fractions were collected from the top and 11 fractions were
obtained. The levels of cholesterol (a) and phospholipids (b) in each
fraction were determined as described in Experimental procedures.
The distribution of GM1 (c), a marker for DIG, across the fractions was
determined as described in Experimental procedures. Two inde-
pendent experiments showed similar results. O, Wild-type; <, 25RA;
@, CT43.

cholesterol-deficient neurons was prevented by the concur-
rent treatment with HDL (Fig. 7d).

Discussion

The experiments described here were designed to test the
assumption established from previous in vivo experiments
that altered cholesterol metabolism due to the genetic
mutation in NPC/ is responsible for the activation of the
MAPK-signalling pathway, which leads to hyperphosphory-
lation of tau, NFT formation, and neurodegeneration in NPC
(Sawamura ef al. 2001). In this study, we elucidated the
mechanism, by which alterations in cholesterol metabolism

Tau phosphorylation in NPC1-deficient cells 1093
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Fig. 7 Characterization of LDM fraction of cultured neurons in the
presence or absence of an HMG-CoA reductase inhibitor. Neuron-rich
cultures were prepared from cerebral cortices as previously described
(Michikawa et al. 2001). The neurons were plated onto poly p-lysine-
coated 6-well plates at a cell density of 2 x 10%cm?, and maintained
in a serum-free medium consisting of Dulbecco’s modified Eagie’s
medium nutrient mixture (DMEM/F12; 50% : 50%) and N, supple-
ments. Six hours after plating, some cultures were treated with 300 nm
compactin. The cultures were maintained for 3 days and then har-
vested. The cells were then homogenized in the presence of 1% Triton
X-100 and fractionated by sucrose density gradient centrifugation as
described previously (Lisanti et al. 1994). Fractions were collected
from the top and 11 fractions were obtained. The levels of cholesterol
(a) and phospholipids (b) in each fraction were determined as des-
cribed in Experimental procedures. The distribution of GM1 (c), a
marker for DIG, across the fractions was determined as described in
Experimental procedures. MAPK activation was determined by
immunoblot analysis of the postnulear supernatants using antiphos-
pho-MAPK antibody that recognizes activated Erk1/2 (d). The celis
treated with compactin plus HDL were also analyzed. Two independ-
ent experiments showed similar results. O, Control; €, compactin.
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at a specific cellular compartment due to the lack of NPC]
induce MAPK activation and subsequent tau phosphoryla-
tion. We observed the following: (i) tau is hyperphosphor-
ylated at multiple sites, (ii) MAPK is highly activated, and
(iii) the MAPK inhibitor attenuates the phosphorylation of
tau in NPCl-deficient CHO cells; additionally, we found that
(iv) the cholesterol level in the plasma membrane decreased
and (v) the cholesterol level in LDM fraction also decreased
in CT43 cells. These findings suggest that in NPC1-deficient
cells, the decreased level of cholesterol in the plasma
membrane with a failure in maintenance of the structure and
function of LDM domain, called lipid raft or DIG, may result
in the alteration in these domain-related signals including
MAPK activity, leading to enhanced phosphorylation of tau.

We show that tau is hyperphosphorylated at sites, Ser202,
Ser214, Thr217, Thr231, Ser396, and Serd404 in NPCI-
deficient CT43 cells, which is assumed to most probably
result from an imbalance of tau kinase and phosphatase
activities in the cells. Among them, we have focused on
MAPK and PP2A, because we have found that the activities
of MAPK (Sawamura et al. 2001) and PP2A (our unpub-
lished data) are altered in the brains of NPC (—/-) mice, in
which tau is hyperphosphorylated. In accordance with the
in vivo findings, tau and MAPK were highly phosphorylated
in CT43 cells. The direct evidence that enhanced phosphory-
lation of tau in CT43 cells is attenuated by a MAPKK
inhibitor, PD98059, indicates that activated MAPK is
responsible for promoting tau phosphorylation. Additionally,
we show that the amount of PP2A not bound to microtubules
is decreased in CT43 cells compared to that of 25RA cells.
The catalytic subunit of PP2A is inhibited by its binding to
microtubules, which could be a competitive inhibitor of PP2A
in binding to the same region on tau (Sontag et al. 1999),
suggesting that PP2A can efficiently dephosphorylate tau
only when neither protein is bound to microtubules. Thus, it is
possible that the decreased amount of the active form of PP2A
for dephosphorylation of tau may shift the kinase/phosphatase
balance to the phosphorylation side.

The present study shows that tau is hyperphosphorylated
at multiple sites including Ser202, Ser214, Thr217, Thi231,
Ser396, and Ser404 in NPCl-deficient cells. Phosphorylation
of tau at sites including Ser202 and Ser396/404, which are
the target sites of MAPK, can be explained as a phenomenon
promoted by highly activated MAPK (Billingsley and
Kincaid 1997), similar to the in vivo case (Sawamura et al.
2001). However, phosphorylation of other sites cannot be
explained in terms of the activated MAPK. In addition,
Ser202 and Ser396/404 are known to be the target sites, at
which tau could be dephosphorylated by PP2A (Goedert
et al. 1992a; Drewes et al. 1993; Gong et al. 1994; Yama-
moto et al. 1995). This fact indicates that the decreased
ability of PP2A may not be able to explain why tau
phosphorylation is enhanced at Ser214, Thr217, and Thr231.
These lines of evidence, thus, suggest that tau-directed

kinases and phosphatases other than MAPK and PP2ZA may
also be involved in the promotion of tau phosphorylation in
CT43 cells. Further studies are required in order to identify
these tau-directed kinases and phosphatases in NPC1-defici-
ent cells.

There are several possible explanations for the MAPK
activation i NPCl-deficient CT43 cells: (i) a decrease in
cholesterol level at specific cellular compartments due to a
defect in cholesterol trafficking; (ii) the accumulation of
cholesterol and other lipids in the lysosomal/late endosomal
compartment; or (iii) the direct result of a defect in the NPC1
function. Our findings presented here favor possibility (i) for
the following reasons. With respect to the involvement of
cholesterol deficiency in the mechanism underlying the
promotion of tau phosphorylation in CT43 cells, we found
that CT43 cells are more sensitive to amphotericin B than
25RA cells (Fig. 5), suggesting that the cholesterol level in
the plasma membrane of CT43 cells is lower than that of
25RA cells. This result is consistent with that of a previous
study using NPC-like mutant CHO cells (Dahl et al. 1992).
Moreover, we have found a more direct evidence, that is the
cholesterol level in LDM fraction, which is involved in
signal transduction, is clearly reduced (Fig. 6), suggesting
that these domain-dependent signal pathways including
MAPK pathway are affected in NPCl-deficient cells. This
result is supported by a previous findings that cholesterol
depletion in the caveolac induces the activation of ERK
(Furuchi and Anderson 1998), that ERK is activated in
NPCl-deficient human fibroblasts (our unpublished data),
and that cholesterol level in DIGs fraction is decreased in
NPC1-dificient fibroblasts (Garver et al. 2002). Similar
results were observed, that is, the cellular cholesterol level
of primary neurons was reduced following treatment with
compactin, an HMG-CoA reductase inhibitor; the distribu-
tion peak of cholesterol in LDM fraction was not observed
and MAPK activity was enhanced (Fig. 7). Under these
conditions, as we have previously reported, phosphorylation
of tau is enhanced (Fan et al. 2001). It is widely believed that
detergent-insoluble, low-density membrane domains, named
raft or DIGs, play critical roles including intracellular
signaling pathways (Brown and London 1997; Simons and
Ikonen 1997). Therefore it is possible to postulate that
alterations in the cholesterol level in LDM domain, whose
metabolism is regulated by NPCl-dependent cholesterol
trafficking, result in alterations in the activities of kinases/
phosphatases including MAPK and PP2A, and in subsequent
hyperphosphorylation of tau. However, as a recent study has
demonstrated that the NPCI protein functions as an ATP-
dependent permease that belongs to a drug efflux pump
superfamily (Davies et al. 2000; lIoannou 2001), we may not
be able to exclude the possibility that NPC1 participates in
other functions, such as cellular signal transduction pro-
cess(es), in addition to its role in the intracellular cholesterol
distribution process.
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Previously the authors have established spontaneously
immortalized cell lines from long-term cultures of normal
adult mouse Schwann cells. Establishment of such
Schwann cell lines derived from murine disease models

relevant diseases. Recently the authors have established
immortalized Schwann cell lines derived from Nlemann—
Pick disease type C mice (NPC; spm/spm) and glob
leukodystrophy mice (twitcher) In the present st

from dorsal root ganglia and consecutive penpheral erve
of another NPC mice (npc™*/npc™h, npc’""/+), myelm Po
protein-deficient mice (P0~/~, P0+/-) with their wild-type
littermates (P0+/-+), and neuroﬁbmmatosns type 1 gene
(NFI)-deficient mice (NfIF" "'/+)__ fot-__" 8—10 months, and
immortalized cell lines from all these animals established
spontaneously. These cell lines had spindle-shaped
Schwann cell morphology and distinet Schwann cell phe-
notypes and retained geno: siochemical abnormal-
ities, sufficiently rep Sentm the in vivo pathological
features of the mutant mice, These immortalized Schwann
cell lines can be.useful in st_u_dles of nervous system lesions
in these mutanf ‘ml, ‘Yelevant human disorders.
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]NTRODUCTION

Durmg development and regeneration of the peripheral
Hervous: system (PNS), Schwann cells are responsible for

may greatly facilitate the studies of the cellular mecha- + providing: trophic support for the growth and maintenance

nisms of their peripheral nervous system lesions in the

of:neurons and ensheathing their axons in either a myeli-
nating or an unmyelinating form. To investigate regulatory

‘echanisms of neuron-Schwann cell interactions in vitro,
..many investigators have

established immortalized
Schwann cell lines!-2 In these we have previously
obtained adult mouse Schwann cell lines either by trans-
fection of SV40 large T antigen gene (MS1)’ or by sponta-
neous immortalization (IMS32).1° More recently, we have
also established and characterized spontaneously immor-
talized Schwann cells from murine models of Niemann—
Pick disease type C (NPC), spm/spm,!* and globoid cell
leukodystrophy, twitcher.* Establishment of such
Schwann cell lines derived from murine disease models
may greatly facilitate the studies of the cellular mecha-
nisms of their PNS lesions in the relevant diseases.

In the present study we further characterize the wild-
type Schwann cell line IMS32,'0 and describe the establish-
ment of novel Schwann cell lines derived from other
murine disease models; that is, other NPC mice (rzpc"ih/
npc* npc™*/+), myelin PO protein-deficient mice (PO—/-,
P+/-) with their wild-type littermates (P0++), and neurofi-
bromatosis type 1 gene (NFI)-deficient mice (Nf1F¢/+).

METHODS

Cell culture

Breeding pairs of the BALB/c heterozygous mice for NPC
(npc™/1)1516 and C5TBL/6 heterozygous NFI-deficient



