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Fig. 5. Effect of iAB on neuronal viability. a: Time course of lactate
dehydrogenase (LDH) release into the culture media following incu-
bation with iAB. The culture media were harvested and subjected to
LDH assay at each time point. The data are means £ S.E. for six
cultures. b: Calcein AM staining was performed on the cultured
neurons incubated for 4 days in the presence or absence of iAf3 (5 wM).
Flourescence intensities of each culture were determined as described in
Materials and Methods. The data are means £ S.E. for six cultures.

promotes lipid efflux, inhibits cholesterol synthesis, and re-
duces cellular cholesterol content, which, in turn, could
promote tau phosphorylation and neurodegeneration, as ob-
served in AD brain. Our observations provide new insight
into the central issue concerning the pathogenesis of AD, that
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Fig. 6. The putative role of cholesterol in the amyloid cascade. a: Oli-
gomeric AP reduces cellular cholesterol content in neurons by pro-
moting cholesterol release from neurons to generate AB-lipid particles,
which are not taken up by neurons (Michikawa et al., 2001) and by
inhibiting cholesterol biosynthesis. b: The alterations in cholesterol
metabolism promote tau phosphorylation in vitro (Fan et al., 2001) and
in vivo (Koudinov and Koudinova, 2001; Sawamura et al., 2001). ¢, d:
Cholesterol plays an essential role in dendrite outgrowth, synaptic
plasticity (Koudinov and Koudinova, 2001; Mauch et al., 2001; Fan et
al.,, 2002), and maintenance of neuronal viability (Michikawa and
Yanagisawa, 1999). These lines of evidence support the notion that
cholesterol is involved in the mechanism underlying the pathophysiol-
ogy of Alzheimer’s disease (AD) called the amyloid cascade. e: ApoE is
involved in this cascade by its isoform-dependent difference in the
ability to modulate cholesterol metabolism in neurons (Michikawa et
al., 2000).

is, the relationship between amyloid plaque formation and
the development of neurofibrillary tangles in neurons.
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Abstract

Microtubule-associated protein 2 (MAP2) is a neuron-specific
cytoskeletal protein enriched in dendrites and cell bodies.
MAP2 regulates microtubule stability in a phosphorylation-
dependent manner, which has been implicated in dendrite
outgrowth and branching. We have previously reported that
cholesterol deficiency causes tau phosphorylation and
microtubule depolymerization in axons (Fan et al. 2001). To
investigate whether cholesterol also modulates microtubuie
stability in dendrites by moduiating MAP2 phosphorylation, we
examined the effect of compactin, a 3-hydroxy-3-methylgiut-
aryl coenzyme A (HMG-CoA) reductase inhibitor, and
TU-2078 (TU), a squalene epoxidase inhibitor, on these
parameters using cultured neurons. We have found that
cholesterol deficiency induced by compactin and TU, inhibited
dendrite outgrowth, but not of axons, and attenuated axonal

branching. Dephosphotylation of MAP2 and microtubule de-
polymerization accompanied these alterations. The amount of
protein phosphatase 2 A (PP2A) and its activity in association
with microtubules were decreased, while those unbound to
microtubules were increased. The synthesized ceramide lev-
els and the total ceramide content were increased in these
cholesterol-deficient neurons. These alterations caused by
compactin were prevented by concurrent treatment of cultured
neurons with f-migrating very-low-density lipoproteins
(B-VLDL) or cholesterol. Taken together, we propose that
cholesterol-deficiency causes a selective inhibition of dendrite
outgrowth due to the decreased stability of microtubules as a
result of inhibition of MAP2 phosphorylation.

Keywords: axon, cholesterol, dendrite, MAP2, microtubule
depolymerization, protein phosphatase 2A.
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During neuronal development and maturation, microtubules
undergo rearrangements involving rapid transitions between
stable and dynamic states, which are regulated by microtu-
bule-associated protein 2 (MAP2) and other MAPs. MAP2 is
selectively enriched in neuronal cell bodies, dendrites, and
dendritic spines (Bernhardt and Matus 1984). MAP2 has
been postulated to be involved in dendrite outgrowth and
contribute to the establishment and maintenance of synaptic
connections (Bernhardt and Matus 1984; Aoki and Siekevitz
1985; Dinsmore and Solomon 1991; Caceres et al. 1992,
Sharma et al. 1994). MAP2 has multiple phosphorylation
sites for a variety of serine-threonine-directed protein kinases
and phosphatases (for review see Sanchez et al. 2000b). An
increase in the levels of phosphorylated MAP2 is correlated
with periods of neurite outgrowth in cultured neurons (Diez-
Guerra and Avila 1995) and the development of dendritic
branching (Diez-Guerra and Avila 1993b; Craig and Banker

1994). Modifications in the phosphorylation state of MAP2
have been also shown during activity-dependent synaptic
specialization in the adult brain (Diez-Guerra and Avila
19934a,1993b). The microtubule-binding affinity of MAP2
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has been shown to be subjected to bidirectional control
according to the phosphorylation level of MAP2 (Jameson
and Caplow 1981; Nishida e al. 1981; Murthy and Flavin
1983; Quinlan and Halpain 1996).

Since the possession of the allele €4 of apolipoprotein E,
which is a key molecule regulating cholesterol metabolism in
the central nervous system, was found to be a strong risk
factor for the development of Alzheimer’s disease (AD), the
role of cholesterol in the pathophysiology of AD has been
highlighted. Recently, we have found that cholesterol
deficiency induces tau phosphorylation and resultant
microtubule depolymerization in axons of cultured neurons
(Fan er al. 2001), and that tau is abnormally phosphorylated
in brains of model mice with Niemann-Pick disease type C
(Sawamura et al. 2001), which is a genetic disorder charac-
terized by lipid storage defects, with deficits in exogenous
cholesterol trafficking (Pentchev et al. 1995). These findings
suggest that cholesterol is the key molecule for maintenance
of microtubule stability via the modulation of tau phospho-
rylation state. Interestingly, several number of studies have
shown that a significant loss of dendrite length and MAP2
imunoreactivity are found in AD brains (Flood 1991; Hanks
and Flood 1991, Ashford ef al. 1998). These lines of
evidence led us to perform the present experiments in order
to examine the role of cholesterol in the regulation of MAP2
phosphorylation, one of the major MAPs other than tau, as
well as outgrowth and branching of axons and dendrites in
cultured neurons. We show here that cholesterol deficiency
causes the polarity-dependent inhibition of dendrite out-
growth, but not of axons, and the inhibition of axonal
branching. These morphological alterations were accompa-
nied by microtubule depolymerization in soma and dendrites,
as well as highly dephosphorylated MAP2, a decreased
amount of protein phosphatase 2 A (PP2A) bound to the
microtubules and an increased amount of PP2A not bound to
microtubules.

Materials and methods

Antibodies and other reagents

A polyclonal rabbit antibody against MAP2 was kindly provided by
Dr Y. Thara of Tokyo University. Monoclonal antibodies against
MAP2 were purchased from Sigma (St Louis, MO, USA) and
Leinco Tech Inc. (Ballwin, MO, USA). The monoclonal antibody
Tau-1, which recognizes non-phosphorylated sites of tau at four
nearby serine residues, Serl95, Serl98, ser199, and Ser202
(numbered as in the longest human tau isoform) (Szendrei ez al.
1993), was obtained from Boehringer Mannheim (Mannheim,
Germany). Monoclonal antibodies against protein phosphatase 2 A
(PP2A), B-tubulin, and glycogen synthase kinase-3p (GSK-3f) were
purchased from Upstate Biotechnology (Lake Placid, NY, USA),
Covance (Richmond, CA, USA), and Transduction Laboratories
(Lexington, KY, USA), respectively. Monoclonal antibody against
B-tubulin was purchased from Covance. Fluorescein (FITC)-
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conjugated goat anti-mouse IgG and rhodamine-conjugated
affinity-purified goat anti-rabbit 1gG were purchased from American
Qualex (San Clemente, CA, USA) and Chemicon International Inc.
(Temecula, CA, USA), respectively. Horseradish peroxidase-labeled
goat anti-rabbit IgG and horseradish peroxidase-labeled goat anti-
mouse 1gG were purchased from America Quelex and Gibco-BRL
Life Technology (Tokyo, Japan), respectively. TU-2078 (TU) was
kindly provided by Yoshitomi Pharmaceutical Industries and Tosoh
Corporation, Japan (Matsuno et al. 1997). Compactin and choles-
terol were solubilized in absolute ethanol to prepare stock solutions
at concentrations of 10 mM and 10 mg/mL, respectively. TU was
solubilized in dimethyl sulfoxide (DMSO) to prepare a stock
solution at a concentration of 100 mm. These reagents were directly
added into the culture media. Ethanol and DMSO in the stock
solutions did not cause any effect on the results of our present
studies at concentrations in the culture media used for the
experiments.

Cell culture

All experiments were performed in compliance with the relevant
laws and institutional guidelines. Cerebral cortical neuronal cultures
were prepared from embryonic day-17 Sprague-Dawley rats as
previously described (Michikawa and Yanagisawa 1998). The cells
were plated onto poly p-lysine-coated glass coverslips for immun-
ocytochemical analysis, 6-well plates for immunoblot analysis, and
12-well plates for the determination of cholesterol content, at a cell
density of 1 x 10%/cm?, 1 x 10%m? and 1 x 10%cm?, respectively.
The feeding medium consisted of Dulbecco’s modified Eagle’s
medium nutrient mixture (DMEM : F12; 50 : 50) containing N2
supplement (Bottenstein and Sato 1979) and 0.1% bovine serum
albumin (BSA). Six hours after the plating, the cultures were
incubated with the reagents to be used in this study until the assays
were performed.

Determination of cholesterol and sphingomyelin synthesis
Neurons isolated from cerebral cortices of rat embryos were cultured
at a density of 1 x 10° cells/em® on poly-p-lysine-coated 12-well
plates. To decrease cellular cholesterol content, two kinds of
inhibitors for cholesterol biosynthesis were used. One is an HMG-
CoA reductase inhibitor, compactin, and the other is a squalene
synthase inhibitor, TU, which selectively exhibits cholesterol
synthesis without interfering with synthesis of isoprenoid com-
pounds such as farmesylated proteins, ubiquinone and dolichol. The
cultures, maintained in serum-free N2 medium for 6 h, were
incubated with various concentrations of compactin or TU. After
24 h of incubation, the cultures were processed for determination of
cholesterol and sphingomyelin synthesis using ['“Clacetate as a
précursor as described previously (Michikawa and Yanagisawa
1998, 1999).

Determination of the cholesterol content in cultured neurons

Neurons isolated from cerebral cortices of rat embryos were cultured
at a density of I X 10° cells/em? on poly p-lysine-coated 12-well
plates. The effects of compactin and TU on cholesterol synthesis
were determined as described previously (Michikawa and Yanagis-
awa 1999). The cultures, maintained in serum-free N2 medium for
6 h were incubated with 300 nm compactin or 10 nm TU in the
presence or absence of B-VLDL (70 pug cholesterol/mL) and
cholesterol (7 pg/mL), respectively. The cultures were maintained
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until harvesting. The amount of cholesterol was determined as
described previously (Michikawa and Yanagisawa 1999).

Determination of the ceramide content and ceramide

synthesis in cultured neurons

Neurons isolated from cerebral cortices of rat embryos were cultured
at a density of 1x 10° cells’cm® on poly p-lysine-coated 6-well
plates, The cultures that were maintained in serum-free N2 medium
for 6 h were incubated with 300 nM compactin in the presence or
absence of cholesterol (7 pg/mL). After 48 h of incubation, the
cultures were washed with phosphate-buffered saline (PBS) three
times, scraped and collected into Eppendorf tubes. After centrifu-
gation at 7000 g for 10 min, the cell pellets were re-suspended in
200 uL. of distilled water followed by sonication. The cell
homogenate (180 pL) was added into 3 mL of chloroform : meth-
anol (1 : 2 v/v), shaken vigorously, centrifuged at 80 g for 5 min,
and the organic phase was collected. The organic phase was then
evaporated under N2 gas, and the residue was redissolved in 900 pL
of chloroform : methanol (1 : 2 v/v) and 100 pL of 1 M NaOH,
followed by vigorous shaking and incubation at 37°C for 2 h.
Chloroform : methanol (1 : 2 v/v) (100 pL), 1 mL of chloroform
and 400 pL of distilled water were added into each sample. After
vigorous shaking, the mixtures were centrifuged at 7000 g for
10 min. The organic phase was then extracted, evaporated, and then
dissolved in chloroform : methanol (1 : 2 v/v). Aliquots of samples
normalized by the protein content were spotted on a TLC plate.
Ceramide in each sample was separated, heated on a hot plate and
quantified using densitometry.

For determination of the level of ceramide synthesis, the cultures
that were maintained in serum-free N2 medium for 6 h were
incubated with 300 nm compactin in the presence or absence of
cholesterol (7 pg/mL). After 48 h of incubation, the cultures were
labeled with 2 pCi/mL ['“Clacetate for 8 h. The ceramide in the
cultures was isolated by the same methods as described above and
the activity of labeled ceramide in each sample was quantified using
a Bio-imaging Analyzer System-2500 Mac (Fuji Photo Film Co.,
Ltd, Japan).

Immunocytochemistry

For neuronal immunochemical analysis, the cells were plated and
grown on glass coverslips with test reagents. Neurons were fixed in
4% paraformaldehyde for 20 min, permeabilized in 0.2% Triton
X-100 for 10 min, and blocked with 5% normal goat serum in PBS
for 1 h. The cells were then incubated with primary antibodies in
PBS containing 2% BSA overnight at 4°C. The antibodies used
were Tau-1 monoclonal antibody (1 : 750 dilution) and anti-MAP2
polyclonal antibody (1 : 500 dilution). For tubulin staining, neurons
on coverslips were washed twice with PBS at 37°C. The cells were
fixed for 20 min at room temperature in PME buffer (80 mm PIPES,
I mm MgCl, 1 mm EGTA) containing a mixture of protease
inhibitors, Complete™ (Boehringer Mannheim), 0.2% Triton
X-100, 4% paraformaldehyde fluoride, followed rapidly by washing
with PBS. The cells were then incubated with the antif-tubulin
monoclonal antibody (1 : 500 dilution) in PBS containing 2% BSA
for 1 h at room temperature, washed four times over a period of
30 min with PBS and incubated for 1 h in secondary antibodies [as
appropriate: rhodamine-conjugated goat anti-rabbit 1gG (1 : 200),
and FITC-conjugated goat anti-mouse IgG (1 :200)]. The cells

were then washed again with PBS and mounted with Vectashield
mounting media (Vector Laboratories, Inc., Burlingame, CA, USA).
Micrographs were obtained under an Olympus florescent micro-
scope (Olympus, Tokyo, Japan) with an attached Olympus camera
using the x40 objective. Fluorescence images were photographed on
35-mm film and prints were obtained. The lengths of the axons and
the number of dendrites and axonal branchings were traced with a
digitizer (Wacom, Tokyo, Japan) and analyzed with the aid of a data
analysis system (Cari Zeiss Co. Ltd, Jena, Germany). Statistical
analyses was performed using StatWiew computer software (Mac-
intosh) and multiple pairwise comparisons among the groups of data
were performed using aNova and Bonferroni #-test.

Immunoblot analysis

Protein samples were lysed and sonicated in RIPA buffer [150 mm
NaCl, 10 mm Tris=HCI (pH 7.5), 1% Nonidet p-40, 0.1% sodium
dodecyl sulfate (SDS), and 0.25% sodium deoxycholate), containing
1 mm EGTA, a mixture of protease inhibitors, Complete™, and
phosphatase inhibitors (10 mm NaF and | mm orthovanadate), and
centrifuged at 10 000 g for 5 min. The protein contents in the clear
supernatants were normalized using a BCA protein assay kit and
were then subjected to 4-20% gradient Tris/tricine SDS-PAGE
(Dia-ichi Pure Chemical Co., Ltd, Tokyo, Japan). The separated
proteins were transferred to a polyvinylidene difluoride membrane
(Millipore, Bedford, MA, USA). The blots were blocked with 100%
Block Ace (Dainippon Pharmacetical Co., Ltd, Osaka, Japan) for
1h, and incubated with primary antibody for 2h at room
temperature. The first antibodies used were the monoclonal
antibodies, anti-Taul antibody (1 : 750), antip-tubulin antibody
(1 : 1000), anti-MAP2 antibody (1 : 500) and anti-PP2A antibody
(1 : 1000), and a polyclonal anti-MAP2 antibody (1 : 500). The
cells were washed four times over a period of 60 min with PBS-T
(PBS containing 0.05% Tween-20), and then incubated with
secondary antibodies {horseradish peroxidase-conjugated anti-rabbit
or anti-mouse antibodies, diluted 1 : 5000) for I h. Between the
steps, the blots were washed four times with PBS-T over 15 min.
The bound antibodies were detected using enhanced chemilumnes-
cence (ECL; Amersham Pharmacia Biotechnology, Buckingham-
shire, UK).

Immunoblot detection of proteins associated

with microtubule polymers and soluble tubulin

Soluble tubulin and insoluble microtubule polymers were obtained
by scraping the neurons cultured on 6-well plates at 37°C in 100 pL
(per well) of microtubule-stabilizing buffer, i.e. PME buffer
containing 2 mm GTP, 0.1% Triton X-100, 2 mm dithiothreitol, a
mixture of protease inhibitors, Complete™, and phosphatase
inhibitors (10 mm NaF and 1 mm orthovanadate). The scraped
culture material was sonicated and centrifuged at 100 000 g for
60 min at 30°C, resulting in the generation of a supernatant fraction
containing soluble tubulin and a pellet fraction containing microtu-
bule polymers. The peliet fractions were solubilized in SDS buffer
[62.5 mm Tris—HC! buffer (pH 6.8), containing 2% SDS] at 4°C,
followed by sonication to release the bound proteins from the
microtubules, and then heated at 90°C for 10 min under reductive
conditions. The samples were then centrifuged at 10 000 g for
S min and the protein content of the clear supernatants was
determined using the BCA protein assay kit. Equal amounts of the
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protein were subjected to 4-20% gradient Tris—tricine SDS-PAGE.
The protein contents in the soluble fractions were normalized,
diluted with an equal volume of 2 x SDS sampling buffer [62.5 mm
Tris-HCI buffer (pH 6.8) that contained 2% SDS, 10% glycerol]
containing 5% 2-mercaptoethanol, and subjected to 4-20% gradient
Tris—tricine SDS-PAGE. The separated proteins were transferred to
a polyvinylidene difluoride membrane (Millipore). The blots were
blocked with Block Ace for 1 h and then incubated with primary
antibody for 2 h at room temperature. The primary antibodies used
were the monoclonal antibodies, anti-PP2A antibody (1 : 2000),
anti-B-tubulin antibody (1 : 1000), and anti-GSK-3f antibody
(1 : 1000).

Immunoprecipitation and immunoblot detection
of PP2A bound to total tubulin
Total tubulin was extracted from neurons by scraping the cells in
ice-cold PME buffer that contained a mixture of protease inhibitors,
Complete™, and phosphatase inhibitors (10 mm NaF and 1 mm
orthovanadate). After incubation on ice for 10 min, the cells were
sonicated, and the supernatants were collected after centrifugation at
15 000 g for 10 min at 4°C. The protein contents of the clear
supernatants were quantified and then equal amounts of protein from
each sample were processed for immunoprecipitation. To immuno-
precipitate the PP2A bound to tubulin, the supernatant was
incubated with 1 pL of mouse monoclonal antibody against PP2A
and 100 pL of 20% protein G-Sepharose (Pharmacia) slurry under
rotation at 4°C overnight. The immunoprecipitates were solubilized
in SDS sampling buffer containing 5% 2-mercaptoethanol by
heating at 90°C for 10 min The samples were then centrifuged
at 10 000 g for 5 min and the clear supernatant was subjected to
4-20% gradient Tris/tricine SDS-PAGE.

Lipoproteins B-VLDL (d < 1.006 g/mL) was prepared from the
plasma of male New Zealand white rabbits as previously reported
{Michikawa and Yanagisawa 1998).

Electron microscopy

Rat embryonic neurons cultured on plastic culture dishes, either
untreated or treated with 300 nm compactin at 37°C for 65 h, were
prepared for electron microscopy. The cultured neurons were
washed with PBS at 37°C and fixed with 2.5% glutaraldehyde in
0.1 m phosphate buffer (pH 7.4) for 20 min, and subsequently with
1% osmium tetroxide in the same buffer for 10 min. After
dehydration with graded concentrations of ethanol, the cells were
embedded in epoxy resin (Epok812; Oken Shoji, Tokyo). Ultrathin
sections were cut in parallel with the dish surface using a diamond
knife attached to an ultramicrotome, and placed on copper grids.
The sections were double-stained with uranyl acetate and lead
citrate, and observed under a transmisston electron microscope
(H-7100; Hitachi, Tokyo).

Results

Effect of cellular cholesterol levels on the neuronal
morphology

In order to study the role of cholesterol in neurite outgrowth
in primary neuronal cultures, we examined the effects of
inhibitors of cholesterol synthesis, namely, compactin, an
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HMG-CoA reductase inhibitor, and TU-2078 (TU), an
inhibitor of squalene epoxidase, which is located down-
stream of the branch point for the synthesis of isoprenoid
compounds such as farnesylated proteins, ubiquinone and
dolichol (Matsuno ef al. 1997). Neurons cultured in serum-
free medium for 72 h in the absence (Fig. 1a) or presence of
300 nm compactin  (Fig. 1b), 300 nm compactin plus
B-VLDL (70 pg cholesterol/mL) (Fig. 1c), or 300 nm comp-
actin plus cholesterot (7 pg/mL) (Fig. 1d) were double-
stained with anti-MAP2 and Tau-1 antibodies. The number
of dendrites on the neurons, as represented by MAP2
immunopositivity, was decreased in neuronal cultures treated
with compactin (Fig. 1b), whereas such a decrease was not
observed in those treated with compactin and $-VLDL
(Fig. 1c) or compactin and cholesterol (Fig. 1d). The inhib-
itory effect of compactin on dendrite outgrowth was also
seen in neurons cultured at higher density (Fig. 1g—i). The
number of connections between cells was less in cultures
treated with 300 nm compactin (Fig. 1h), compared with that
observed in control cultures (Fig. 1g) or in those treated with
compactin plus cholesterol (Fig. 1i).

Since compactin has been shown to inhibit the synthesis of
mevalonate, which is not only a precursor of cholesterol but
also of isoprenoid groups that are incorporated into more
than a dozen classes of end products, we also studied the
effects of TU, a more selective inhibitor of cholesterol
synthesis that does not interfere with other critical reactions
involving farnesyl pyrophosphate. The effects of treatment of
neuronal cultures with 10 nm TU alone or 10 nm TU plus
B-VLDL (70 ng cholesterol/mL) are shown in Fig. 1(e,f),
respectively. The number of dendrites on neurons was
decreased in cultures treated with TU alone (Fig. le), but not
in those treated with TU plus B-VLDL (Fig. 11).

To confirm whether these morphological changes in the
neurons were correlated with the intracellular cholesterol
content, we determined the cholesterol levels in sister
cultures. The dose-response curve of the inhibitory effect
of compactin and TU on cholesterol synthesis was examined
to determine the doses of these compounds to be used in
experiments (Fig. 2a and c, respectively). Based on this data,
we subsequently used compactin at 300 nM and TU at 10 nm
throughout this study. As shown in Fig. 2(b and d), the
intracellular cholesterol content in the cultures treated with
either compactin (300 nm) or TU (10 nm) alone remained
significantly lower throughout the experimental period
compared with that measured in control cultures, or in
cultures treated with compactin (300 nm) plus B-VLDL
(70 pg cholesterol/mL), compactin (300 nwm) plus cholesterol
(7 pg/mL) (Fig. 2a), TU (10 nm) plus B-VLDL (70 pg
cholesterol/mL), or those treated with TU (10 nM) plus
cholesterol (7 pg/mL; Fig. 2b). The intracellular cholesterol
content in cultures concurrently treated with cholesterol and
compactin or TU was even higher than that measured in the
control cultures.
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Fig. 2 Effect of compactin and TU on cholesterol synthesis and cel-
jular cholesterol levels in neuronal cuitures. Dose—response curves
showing inhibitory effect of compactin (a) and TU (c) on cholesterol
synthesis. (b) Cellular cholesterol content in the cultures with the
reagents; Control {O), 300 nm compactin (@), 300 nm compactin plus
B-VLDL (70 pg cholesterol/mL) (O), and 300 nM compactin plus
cholesterol (7 ug/mL) (B&). (d) Cellular cholesterol content in the
cultures with the reagents; Control {(O), 10 nm TU (@), 10 nm TU plus
8-VLDL (70 pg cholesterol/mL) (), and 10 nm TU plus cholesterol
(7 ng/mL) (&). Data shown are means = standard error for experi-
ments performed in quadruplicate (a,c) or triplicate (b,d).

Fig. 1 Effects of compactin and TU on
neuronal morphology and their retationship
with the intracellular cholesterol content.
Neurons maintained for 72 h in vitro were
double-immunostained with Tau-1 anti-
body (dephosphorylated-tau, visualized by
FITC), and anti-MAP2 antibody (visualized
by rhodamine). The number of dendrites on
neurons treated with compactin (300 nm)
(b) or TU (10 nm) (e) was decreased com-
pared with that in control (a), compactin
plus B-VLDL (70 ng cholesterol/mL) (c),
compactin plus cholesterol (7 ug/mL) (d),
and TU plus B-VLDL (70 ng cholesterol/mL)
(f). Photographs of the neuronal cultures
plated at a higher density for 72 h are
shown in (g—h). The network between cells
was poorer in the cultures treated with
300 nm compactin (h), whereas that in the
control cultures (g) or with 300 nm comp-
actin plus cholesterol (7 ng/mL) (i) was well
developed. Seven independent experi-
ments show similar resuits. Bar = 20 ym.

Cholesterol-dependent modulation of neurite

outgrowth and branching

To investigate in greater detail the organization of neurite
outgrowth in neuronal cultures, we analyzed the axonal
length, number of axonal branches and number of
dendrites in neurons of sister cultures (Fig. 3a-d) com-
pared to treated cultures. The lengths of the axons
increased with culture time, with no significant differences
observed between control cultures and those treated with
compactin alone, or compactin plus B-VLDL (Fig. 3a).
However, the number of axonal branches and the number
of dendrites on the neurons in the cultures treated with
compactin alone were significantly lower than values
recorded in control cultures and cultures treated with
compactin plus B-VLDL (Fig. 3b and c). Figure 3(d)
shows the dose dependence of dendrite outgrowth and
axonal elongation following 48 h incubation in the
presence of different compactin concentrations; the inhib-
itory effect of compactin on dendrite outgrowth was dose-
dependent, while no effect of compactin on axonal
elongation was seen. The axonal length, number of
axonal branches and number of dendrites were also
determined in control cultures and cultures treated with
TU alone or TU plus B-VLDL (Fig. 3e—g). The lengths of
the axons increased with culture timé, and there were no
significant differences among the three types of culture
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conditions (Fig. 3e). However, the number of axonal
branches and the number of dendrites in the cultures
treated with TU were significantly lower than those in
control cultures or cultures treated with TU plus B-VLDL
(Fig. 3f and g, respectively).
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Fig. 3 Effect of compactin and TU on the number of dendrites and
axonal branches, and the length of axons. Effect of cholesterol-defi-
ciency induced by compactin on neuronal morphology was analyzed
on the neuronal cultures. The treatments were commenced 6 h fol-
lowing plating. Axonal length (a), number of axonal branches (b), and
number of dendrites of neurons cultured for 24, 48 and 72 h (c) were
analyzed. (d) Dose-dependence of number of dendrites and axonal
length on compactin concentrations. Cultures were incubated in
Control (O), 300 nm compactin (&), and 300 nm compactin plus
B-VLDL (70 pg cholesterol/mbL) (O). Effect of cholesterol-deficiency
induced by TU on neuronal morphology was analyzed on the neuronal
cultures. The treatments were commenced 6 h following plating.
Axonal length (e), number of axonal branches (f), and number of
dendrites (g) of neurons cultured for 24, 48 and 72 h were analyzed.
Cultures were incubated in Control (O), 7.5 nm TU (®), and 7.5 nm TU
plus B-VLDL (70 pg cholesterol/mL) (O). The data are the means =
standard error for 40 sampies. *p < 0.005 versus control and comp-
actin or TU plus B-VLDL.

Effect of cholesterol deficiency on microtubule stability
in neurons

Since dendrite outgrowth along with neuronal development
and maturation depends on the stability of microtubules,
which is regulated by microtubule-associated proteins includ-
ing MAP2, we next examined the state of microtubules in
neuronal cell bodies and dendrites for different culture
conditions. Electron micrographs of control neurons and
neurons treated with compactin are shown in Fig. 4. It can be
seen that continuous microtubule filaments are observed in
control neurons (Fig. 4a, arrows), whereas only short frag-
ments of microtubule filaments can be seen in neurons treated
with compactin (Fig. 4b, arrows). This indicates that a
deficiency in cholesterol reduces microtubule stability in
neurons. Furthermore, biochemical examinations were per-
formed to confirm that microtubule stability was affected in
cholesterol-deficient neurons. Total, monomeric, and poly-
merized tubulin were extracted from neuronal cultures incu-
bated with None (control), 300 nm compactin, and 300 nm
compactin plus 7 ug/mL cholesterol and then detected by
immunoblot analysis. Incubation of cells in N2 medium
containing compactin did not significantly affect the quantity
of total tubulin as compared with that in cultures grown in N2
medium alone or those treated with compactin plus cholesterol
(Fig. 4c). However, a dramatic reduction in the level of
polymerized tubulin and a significant increase in the level of
monomeric tubulin were observed when the cells were grown
in medium containing 300 nmM compactin (Fig. 4c). These
results indicate that cholesterol deficiency caused by comp-
actin treatment induces microtubule depolymerization.

Effect of cholesterol deficiency on the amount

of MAP2 bound or unbound to microtubules

Neuronal cultures were prepared and maintained for 72 h
either in the absence of compactin (control), or in the
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Fig. 4 Electron microscopic study and immunoblot analysis showing
microtubule depolymerization in cholesterol-deficient neurons. The
neuronal cultures were prepared as described in Materials and
Methods. The neurons were treated with compactin at 300 nm and
maintained for 72 h. The cultures were washed, fixed and subjected to
electron microscopic examination. The microphotographs of negative
staining of control neuron (a) and compactin-treated neuron (b) are
shown. A number of cell bodies of compactin-treated neurons con-
- tained short microtubule fragments (b, arrows) without the normal
microtubule formation, while control neurons contain long, continuous
microtubules (a, arrows). Bar = 1 um (c), immunoblotting of total (cell
extract), polymeric (pellet), and monomeric (supernatant) forms of
tubulin extracted from neurons. Neuronal cultures were incubated for
65 h in a medium not containing any drug, in medium containing
compactin (300 nm), or in a medium containing compactin (300 nm)
plus cholesterol {7 pg/mL). Following the incubation, cell extracts were
prepared, and monomeric and polymeric forms of tubulin were sepa-
rated from the cell extract by centrifugation, as described under
Materials and Methods. Immunoblot analysis was carried out using
antip-tubulin antibody. Compactin treatment resulted in significant
reduction in the signal in the pellet fraction, while it resulted in an
increase in supernatant fraction.

presence of compactin (300 nM), or compactin (300 nm)
plus cholesterol (7 pug/mL). The cultures were then
harvested and proteins in the microtubule pellet fraction
and supernatant fractions were isolated as described in
Materials and Methods. ‘As shown in Fig. 5(a), the total
amount of MAP2 and P-tubulin remained at similar levels
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Fig. 5 Total amount of MAP2 and MAP2 in association with micro-
tubules in cholesterol-deficient neurons. The neuronal cuitures were
prepared and treated 6 h after plating. The cultures were maintained in
the presence of 300 nm compactin, 300 nm compactin plus 7 pg/mL of
cholesterol or absence of these compounds for 72 h, and harvested
with a scraper as described in Materials and Methods. The total cell
extract was then subjected to immunoblot analysis with anti-MAP2 or
antif-tubulin antibody (a). The proteins recovered as pellet or super-
natant were analyzed by immunoblotting with anti-AMP2 antibody (b).
The total cell extract of each sample was immunoprecipitated with
antif-tubulin antibody and each immunoprecipitate was subjected to
immunoblot analysis with anti-MAP2 antibody (c).

for each of the culture conditions examined. In contrast,
the amount of MAP2 bound to microtubules dramatically
decreased in the cultures treated with compactin, an effect
which was reversed with the addition of cholesterol
(Fig. 5b). Neuronal cultures maintained under each of the
three conditions were processed for immunoprecipitation
with antif-tubulin antibody, followed by immunoblot
analysis using anti-MAP2 antibody. The amount of
MAP2 bound to tubulin was dramatically decreased in
the cultures treated with compactin, while in the presence
of cholesterol this decrease was not seen (Fig. 5c). At least
three independent experiments were performed for each of
the culture conditions tested, with consistent results found
for each trial.

Suppression of MAP2 phosphorylation

in cholesterol-deficient neurons

It is widely believed that MAP2 is one of the major MAPs
contributing to microtubules stability, with its ability to
promote microtubule assembly modulated by phosphoryla-
tion at multiple sites. We therefore examined the phospho-
rylation state of MAP2 in neurons in the presence or
absence of compactin. Phosphorylation efficacy was
assayed in control neurons or neurons pre-treated for 48 h
with compactin (300 nm), or compactin (300 nm) plus
cholesterol (7 pg/mL). The differential regulation of MAP2
phosphorylation in cholesterol-deficient neurons was exam-
ined by quantifying *’P incorporation into immunopreci-
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Fig. 6 Suppression of MAP2 phosphorylation in cholesterol-deficient
neurons. Neuronal cultures were plated, and either left untreated, or
treated with 300 nm compactin (COMP), or 300 nm compactin plus
7 ng/mL cholesterol in serum-free N2 medium, and maintained for
48 h at 37°C. The cells were then washed three times in phosphate-
free DMEM and incubated in phosphate-free DMEM for 4 h at 37°C,
followed by washing three times with the same medium and incubated
with 0.3 mCi/mL of ®2P in phosphate-free DMEM for 4 h at 37°C. The
cultures were then washed three times in the same medium and cells
were harvested with RIPA buffer. Cell extracts were immunoprecipi-
tated with anti-MAP2 antibody over night at 4°C. Each immunopre-
cipitate was subjected to autoradiography and the intensity of the
bands was determined using densitometry. The data indicate the
‘mean = standard error of samples measured in triplicate. *p < 0.0005
versus untreated cultures, *p < 0.01 versus COMP + Cholesterol,
**p < 0.002 versus untreated cultures.

pitated high-molecular-weight (HMW) and low-molecular-
weight (LMW) MAP2 in cultures treated as described
above. Autoradiography results showed that the amounts of
*’P incorporation into both high molecular and low
molecular MAP2 were significantly decreased in cultures
treated with compactin compared to control cultures and
cultures treated with compactin plus cholesterol (Fig. 6a).
Three independent experiments were performed and the
intensity of each result was quantified densitometrically.
The amount of *?P incorporation per pg of MAP2 protein
was significantly higher in control cultures compared with
cultures treated with compactin or compactin plus choles-
terol (Fig. 6b and c, respectively). These data suggest
that MAP2 phosphorylation is suppressed in cholesterol-
deficient neurons.
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Effect of cholesterol-deficiency on the binding

of PP2A to microtubules and its activity when

in association with microtubules or when unbound
MAP2 phosphorylation is important for the regulation of
cytoskeletal function in neurons and is modulated by kinases
and phosphatases (Sanchez Martin et al. 1998; Sanchez et al.
2000a, 2000b). These tau-regulated kinases and phosphatases
are known to bind to microtubules and have been suggested
to regulate their stability (Sontag et al. 1995; Morishima-
Kawashima and Kosik 1996; Sanchez er al. 2000b). In this
way, levels of the putative enzymes glycogen synthase
kinase-33 (GSK-3B) and PP2A were examined in light of
their capacity to modulate MAP2 phosphorylation. Total
tubulin was harvested and immunoprecipitated using antif}-
tubulin antibody in order to determine the total amount of
PP2A bound to tubulin. The immunoprecipitates were
solubilized and immunoblotted as described in Materials
and Methods. As shown in Fig. 7(a), the immunoreactivity of
PP2A associated with tubulin was decreased in the cultures
treated with compactin or TU. However, this reduction of
PP2A immunoreactivity could be reversed by concurrent
treatment of cultured cells with cholesterol. In contrast, the
immunoreactivity of PP2A in the cell extract did not differ
significantly between the different culture conditions. The
amount of PP2A bound to tubulin in cultures treated with
various concentrations of compactin decreased in a dose-
dependent manner (Fig. 7a). In contrast, the amount of PP2A
in the cell extract did not differ significantly between the
different culture conditions.

Furthermore, we determined the amount of PP2A and GSK-
3B bound to microtubules and that not bound to microtubules.
Consistent with previous results (Sontag et al. 1995, 1996;
Merrick et al. 1997), we detected PP2A in the microtubule
pellet fraction of each culture. As shown in Fig. 7(b), a lower
level of PP2A was detected to be bound to microtubules in
cultures treated with compactin-only compared to control
cultures and those treated with compactin plus B-VLDL or
compactin plus cholesterol. The amount of PP2A bound to
microtubules in the neurons treated with compactin was
significantly reduced compared with that in control cultures,
and this effect was reversed by concurrent treatment of
cultured cells with -VLDL or cholesterol (Fig. 7b). In
contrast, an increased level of PP2A was detected in the
soluble fraction of cultures treated with compactin (Fig. 7b).
Using antif-tubulin and anti-PP2A antibodies, the levels of
tubulin in the pellet fraction and PP2A in the total cell extract
were not significantly different for the different culture
conditions. In addition, we detected GSK-3 bound to the
microtubules. GSK-33 has been shown to be associated with
microtubules and phosphorylate MAP2 (Sanchez et al. 1996,
2000a). The level of GSK-3f bound to microtubules and in the
total cell extract in cultures treated with compactin alone, with
compactin plus B-VLDL, or with compactin plus cholesterol
were similar to those observed for control cultures (Fig. 7b).

© 2002 International Society for Neurochemistry, Jowrnal of Neurochemistry, 80, 178-190



186 Q.-W. Fan et al.

(@ (b)

0 |a00f3go |0 | 0 |Compactin(nM)
0l 0lo [r5]75[TUNM) PP2A | &
ofjofv 7 jcCl

[}
PP2A o g cn immuno- B-tubulin | weme Ju & | lpeler

PP2A | compsmp s man {Cell extract

E ]

GSK-38 | g e 6o% G

PP2A | o i cr e

Compactin (nM)
PP2A | esivenms sz
, » Cholesterol{pg/mt) Cell extract
PP2A *ﬂx b ‘ Immuno- GSK-38 | e e 0
5
PP2A | eomemmmmamen asmem |Col extract % % 3 5
8832 %
s £
i 2
z 9
o %
(©) (@) s
50 " 25
£ 40 g2
>
2E 3 BE 5
SE sk
£ o
§5. 20 ﬁ_ 10
o e &g
g o E
& Eo £ 5 *
0 2 B g g s
8 § 8§53 2
s B 8% %
> 2 O 0 & @
+ 2 i 2
e & & 5
£ o 2 9
Q +
g a 8 &
O = c 2
Fe) Q
o [&]

Fig. 7 Binding of PP2A to microtubules and activity of PP2A in
association with microtubules or unbound. (a) Neuronal cultures were
treated with compactin (300 nm) or TU (7.5 nm) in the absence or
presence of cholestero! (7 pg/ml) for 24 h. Another set of neuronal
cultures was treated with various concentrations of compactin. Each
sample from the extract was immunoprecipitated with antip-tubulin
antibody over night at 4°C. The immunoprecipitate of each sample
was then subjected to immunoblot analysis with anti-PP2A antibody.
(b) Neuronal cultures were treated with compactin (300 nm) in the
absence or presence of cholesterol (7 ng/mL) or B-VLDL (70 pg/mL
cholesterol/mL) for 24 h. The soluble tubulin and insoluble microtu-
bules were obtained by scraping the cultures as described in Materials
and Methods. Proteins bound to the microtubules or those in the
" supernatant were detected by immunoblot analysis. (c) Activity of PP2A
in the supernatant was determined using a threonine/serine protein
phosphatase assay kit. The activity of PP2A not bound to tubulin was
increased in the neuronal cultures treated with compactin (300 nm), an
effect that was not observed in cultures treated with compactin plus
cholesterol (7 pg/mL) or B-VLDL (70 ng cholesterol/mL). (d) Activity of
PP2A bound to microtubules was determined using a threonine/serine
protein phosphatase assay kit. The activity of PP2A bound to tubulin
was decreased in the neuronal cultures treated with compactin
(300 nm), but not in cultures treated with compactin plus cholesteral
(7 pg/mL) or B-VLDL (70 pg cholesterol/mL). Phosphatase activity
resulting from PP2A was defined as the activity inhibited by 1 nm
okadaic acid added into each sample. The data are means + standard
error for experiments performed in triplicate. *p < 0.0001 versus
control, COMP + B-VLDL, and COMP + cholesterol.

We next determined PP2A activity in the pellet and
supernatant fractions as described in Materials and Methods.
A powerful tool in characterizing serine/threonine protein
phosphatase activity is the use of okadaic acid as an inhibitor.
This compound is a potent inhibitor of protein phosphatase

2 A (ICsq = 1 nMm), with higher concentrations inhibiting
protein phosphatase 1 (ICsp = 15-40 nm) (Cohen et al.
1989; Haystead et al. 1989). Therefore, we used okadaic
acid in our assay system as an inhibitor, with phosphatase
activity resulting from PP2A defined as the activity inhibited
by 1 nm okadaic acid. PP2A activities in aliquots from
supernatant fractions of cultures treated with compactin were
significantly increased compared to those of control cultures
and cultures treated with compactin plus B-VLDL or
compactin plus cholesterol (Fig. 7c). In contrast, PP2A
activities in aliquots from pellet fractions of cultures treated
with compactin were significantly reduced compared to
control cultures and cultures treated with compactin plus
B-VLDL or compactin plus cholesterol (Fig. 7d).

Effect of cholesterol-deficiency on ceramide synthesis
and its content

Since it has been well established that ceramide stimulates
PP2A activity (Dobrowsky and Hannun 1992; Dobrowsky
et al. 1993; Chalfant et al. 1999), we examined the effect of
compactin on ceramide metabolism to determine whether
cholesterol deficiency is responsible for the modulation of
PP2A activity. It is known that cholesterol and fatty acids are
synthesized by regulated pathways in animal cells, which are
influenced by a family of transcription factors called sterol
regulatory element-binding proteins (SREBPs) (Brown and
Goldstein 1997). Compactin is a competitive inhibitor of
HMG-CoA reductase, and the proteolytic processing of
SREBPs is enhanced in neuronal cultures incubated with
compactin. Since fatty acids are components of ceramide
and sphingomyelin, it is reasonable to assume that comp-
actin increases ceramide and sphingomyelin synthesis. As
shown in Fig. 8(a), compactin decreased cholesterol synthe-
sis, while it increased sphingomyelin synthesis in a dose-
dependent manner, suggesting that ceramide synthesis may
also be increased. We next determined the synthesized
ceramide levels and total ceramide content in the cultured
neurons incubated with compactin at a concentration of
500 nM. As shown in Fig. 8(b and c), compactin increased
ceramide synthesis and the total ceramide content in
neurons, and the increases were inhibited by the addition
of cholesterol.

Discussion

We have shown that cholesterol-deficiency in neurons results
in the inhibition of dendrite outgrowth and neurite branching
without altering axonal elongation. This selective modulation
of morphology in cholesterol-deficient neurons is accompa-
nied by microtubule depolymerization, a decrease in the
amount of MAP2 bound to the microtubules, and a decreased
level of MAP2 phosphorylation. Moreover, we have shown
that PP2A activity in association with microtubules is
decreased, while that free from microtubules is increased
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Fig. 8 (a) Neuronal cultures were treated with compactin at various
concentrations for 48 h. The cultures were then incubated with 2 pnCi/mL
[*“Clacetate for 8 h and cholesterol synthesis and sphingomyelin
synthesis were determined as previously reported (Michikawa and
Yanagisawa 1998). (b} For determination of ceramide synthesis, the
cultures, maintained in serum-free N2 medium for 6 h, were incubated
with 300 nm compactin in the presence or absence of cholesteroi
(7 pg/mL). After 48 h of incubation, the cultures were labeled with
2 uCi/mL ["*Clacetate for 6 h. The ceramide synthesis in the cultures
was determined as described under Materials and methods. (c) The
cultures maintained in serum-free N2 medium for 6 h were incubated
with 300 nm compactin in the presence or absence of cholesterol
. (7 pg/mL). After 48 h of incubation, the cultures were washed and
processed for determination of ceramide content as described under
Materials and Methods. The data were mean = SEM for triplicate (a) or
quadruplicate (b and ¢). *p < 0.0001 versus CONT, *p < 0.02 versus
COMP + Cholesterot (b). *p < 0.01 versus COMP (c). Three inde-
pendent experiments showed similar results.

in these neurons. The increased level of ceramide synthesis
accompanied these alterations.

MAP2 is a phosphoprotein whose cellular activities are
regulated by phosphorylation and dephosphorylation. The
phosphorylation state of MAP2 is modulated by neural
activity in vivo (Aoki and Siekevitz 1985; Halpain and
Greengard 1990; Quinlan and Halpain 1996). Previous
reports on studies carried out in vitro have shown that,
based on the structural changes that occur in MAP2 with
increasing phosphorylation and the fact that MAP2 is largely
confined to neuronal dendrites, increasing phosphorylation of
MAP2 promotes increased branching (Friedrich and Aszodi
1991). It has been demonstrated that the phosphorylation
state of MAP2 determines its binding to microtubules:
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neither dephosphorylated nor hyperphosphorylated MAP2
bind to microtubules, and phosphorylation of certain sites in
MAP?2 is essential for it being able to bind to microtubules
(Brugg and Matus 1991). Therefore, it may be possibie that
cholesterol deficiency inhibits the phosphorylation of MAP2,
which in turn would lead to the inhibition of binding of
MAP2 to micotubules, microtubule depolymerization, and
inhibition of dendrite outgrowth.

A discrepancy between the effects of cholesterol-deficiency
on the outgrowth of dendrites and that of axons was observed
in the present study: a decreased cholesterol level inhibited
dendrite outgrowth while it seemed to have little effect on
axonal outgrowth (Figs 1 and 2). A possible explanation for
this discrepancy could be correlated with the difference in the
phosphorylation levels between HMW and LMW MAP2.
Previous studies have shown that the HMW form of MAP2 is
found only in neurons that have commenced dendrogenesis
and is more abundant in dendrites than in axons, and that
HMW MAP?2 plays a fundamental role in the formation of
dendrites (Bernhardt and Matus 1982, 1984; Vallee 1982;
Caceres et al. 1984, Tucker et al. 1988). Consistent with
these lines of evidence, the selective inhibition of dendrite
outgrowth and not of axonal elongation demonstrated in the
present study is correlated with the differences in the levels
of phosphorylation between HMW and LMW MAP2
observed here; the reduction in the levels of HMW MAP2
phosphorylation was more prominent than that of LMW
MAP2.

Another possible explanation for the differential require-
ment of cholesterol in dendritic compared with axonal
development may relate to the difference in microtubule
organization in these two neuronal compartments. A previous
report has demonstrated that microtubules in axons have all
their plus ends pointing distally, while dendrites have
microtubules oriented in both orientations (for review see
Baas 1999). It may be possible that minus-end distal
microtubules are particularly sensitive to perturbations in
cholesterol content. Recently, it has been demonstrated that
Lisl protein regulates dynein behavior and microtubule
organization, and is thus essential for dendritic morphogenesis
but not for axonal morphogenesis (Liu et al. 2000; Smith et al.
2000). Taking these results into account, cholesterol might be
involved in the modulation of activity of some proteins, such
as Lis1, which are essential for dendritic morphogenesis.

It has been shown that highly phosphorylated MAP2 is
unbound to mictrotubules and is recovered in soluble
fractions (Sanchez et al. 2000a). In contrast, our present
data indicate that dephosphorylated MAP2 cannot bind to
microtubules and is recovered in the soluble fraction (Fig. 5).
These contradictory phenomena can be explained by the
assumption made in a previous study that neither highly
phosphorylated MAP2 nor highly dephosphorylated MAP2
could bind to tubulin (Brugg and Matus 1991). The question
naturally arises from these results as to how cholesterol
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modulates the phosphorylation state of MAP2 in neurons.
Our present results indicate that cholesterol deficiency
stimulates ceramide synthesis and increases ceramide content
(Fig. 8b,c). As previous findings have shown that ceramide
enhances PP1 and PP2A activity (Dobrowsky and Hannun
1992; Dobrowsky et al. 1993), one possible explanation to
this question is that increases in the ceramide synthesis and
its content, which are induced by treatment with compactin,
activate PP2A in neurons. It is well known that proteolytic
processing of SREBPs is regulated by the membrane
cholesterol content (Brown and Goldstein 1997). The
N-terminal domains of the SREBPs are released from
membranes and travel to the nucleus to enhance multiple
genes encoding enzymes of cholesterol synthesis, unsaturated
fatty acid synthesis, triglyceride synthesis, and lipid uptake
(see review Horton and Shimomura 1999). Thus, the
enhancement of proteolytic process of SREBPs by compactin
treatment not only increases the expression level of HMG-
CoA reductase but also the fatty acid synthesis. Since the
increased levels of fatty acids are known to promote
ceramide and sphingomyelin synthesis, it is reasonable to
postulate that cholesterol deficiency caused by compactin
increases fatty acid and ceramide synthesis, leading to the
activation of PP2A.

The present study has demonstrated that the increase in
PP2A not bound to microtubules is the most prominent
alteration we have observed. It has been reported that the
catalytic subunit of PP2A is inhibited by its binding to
microtubules, which could be a competitive inhibitor for
PP2A to bind to the same region on tau (Sontag er al. 1999},
suggesting that PP2A can efficiently dephosphorylate tau
only when neither protein is bound to microtubules. The
interaction site of tau for PP2A corresponds approximately to
amino acid residues 221-396, which encompasses the

" microtubule-binding repeats (Drewes et al. 1998). Since the
(-terminal microtubule-binding domain is known to be quite
well conserved between the MAPs, including tau and MAP2
(Drewes et al. 1998), it may be possible to postulate that
PP2A efficiently dephosphorylates MAP2 which is free from
microtubules. If this is the case, the increased amount of both
PP2A and MAP2 detached from microtubules could explain
why MAP2 is highly dephosphorylated in cholesterol-
deficient neurons, because the amount of PP2A free from
microtubules was increased in cholesterol-deficient cultures.
Thus, the decreased level of MAP2 protein, which is
phosphorylated to a certain degree at certain sites required
for exhibiting a microtubule-binding action that stabilizes
cell structure, may induce instability of microtubules and
resultant inhibition of dendrite outgrowth.

The last question to be addressed is why an increased
amount of PP2A unbound from microtubules did not dephos-
phorylate tau. Actually, at present, we do not have any direct
evidence that can explain this polarity-specific discrepancy
that MAP2 is dephosphorylated in somata and dendrites, while

tau is hyperphosphorylated (Fan er al. 2001), and that despite
the defect in dendritic morphogenesis in cholesterol-deficient
neurons, elongation of axons was normal, as shown in Fig. 3.
Possible explanations for this discrepancy might be that the
elevation of free PP2A levels detected in supernatant fraction
reflect mainly that of somatodendritic domains but not that of
axonal domains, or that the balance between kinase and
phosphatase activities may be differently affected by choles-
terol deficiency in axonal and somatodendritic domains.
Although the precise mechanism remains unknown, the role of
cholesterol in the formation of polarity-specific sorting
domains called rafts, and the importance of cholesterol in
the intracellular traffic, the formation of membrane polarity
and the maintenance of cell functions, including signal
transduction, have been demonstrated (Hannan and Edidin
1996; Ledesma et al. 1998; Simons and Toomre 2000). Thus,
it may not be surprising that cholesterol deficiency induces
opposite phosphorylation states of tau and MAP2, which
stabilize microtubules in axonal and somatodendritic domains,
respectively. Although, further studies are required to eluci-
date the precise mechanism(s) underlying cholesterol-depen-
dent and polarity-specific modulations of phosphorylation of
MAPs, our observations in the present study provide new
insights into the role of cholesterol in modulation of dendritic
and therefore synaptic remodelling and tau phosphorylation
which are central processes of relevance to the biology of
neurons of AD brains.
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We have reported previously (Michikawa, M., Fan,
Q.-W., Isobe, 1., and Yanagisawa, K. (2000) J. Neurochem.
74, 1008-1016) that exogenously added recombinant hu-
man apolipoprotein E (apoE) promotes cholesterol re-
lease in an isoform-dependent manner. However, the mo-
lecular mechanism underlying this isoform-dependent
promotion of cholesterol release remains undetermined.
In this study, we demonstrate that the cholesterol release
is mediated by endogenously synthesized and secreted
apoE isoforms and clarify the mechanism underlying this
apoE isoform-dependeni cholesterol release using cul-
tured astrocytes prepared from human apoE3 and apoE4
knock-in mice. Cholesterol and phospholipids were re-
leased into the culture media, resulting in the generation
of two types of high density lipoprotein (HDL)-like parti-
cles; one was associated with apoE and the other with
apod. The amount of cholesterol released into the culture
media from the apol3-expressing astrocytes was ~2.5.
fold greater than that from apoE4-expressing astrocytes.
In contrast, the amount of apoE3 released in association
with the HDL-like particles was similar to that of apoE4,
and the sizes of the HDL-like particles released from
apoE3- and apoE4-expressing astrocytes were similar,
The molar ratios of cholesterol to apoE in the HDL frac-
tion of the culture media of apoE3- and apoE4-expressing
astrocytes were 250 = 6.0 and 119 =* 5.1, respectively.
These data indicate that apoE3 has an ability to generate
similarly sized lipid particles with less number of apoE
molecules than apoE4, suggesting that apoE3-expressing
astrocytes can supply more cholesterol to neurons than
apoE4-expressing astrocytes. These findings provide a
new insight into the issue concerning the putative alter-
ation of apoE-related cholesterol metabolism in Alzhei-
mer’s disease.

Previous epidemiological studies show that an elevated se-
rum cholesterol level is a risk factor for the development of
Alzheimer’s disease (AD)' (1-3) and that statin therapy re-
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duces the frequency of AD (4) and dementia (5). The decreased
levels of cellular cholesterol have been shown to reduce A
production in vitro (6) and in vive (7). Previous studies have
also shown the association of cholesterol accumulation with
mature senile plaques (8) and neurofibrillary tangle-bearing
neurons (9). Additionally, a recent study (10) has suggested
that an increased cholesterol level in the membrane facilitates
amyloid fibril formation through formation of GM1 ganglioside-
bound A, a putative endogenous seed. These findings suggest
that increased cellular cholesterol levels induce high amyloid
B-protein (AB) production and subsequent AD development.

However, several studies (11-14) have shown opposing evi-
dence indicating that cholesterol levels in serum, cell mem-
branes of brains, and cerebrospinal fluid are decreased in AD
patients compared with those in controls. Previous studies
have shown that increased dietary cholesterol levels reduce AB
secretion (15) and that increased cellular cholesterol levels
inhibit the AB-mediated cell toxicity (16, 17). On the other
hand, the effect of AB on cellular cholesterol metabolism has
also been investigated (18). Our recent studies have shown that
not monomeric but oligomeric A8 affects cholesterol metabo-
lism (19) and eventually reduces cellular cholesterol levels (20).
In addition, cholesterol deficiency has been shown to promote
tau phosphorylation in vitro (21, 22) and in vivo (23). These
findings suggest that the involvement of cholesterol in the
pathogenesis of AD is dualistic. The elevated levels of cellular
cholesterol contribute to AD development by elevating AB se-
cretion; however, the increasing amount of oligomerized AB
reduces cellular cholesterol levels, which in turn may promote
the progression of AD pathologies.

ApoE is one of the major apolipoproteins in the central nerv-
ous system regulating lipid metabolisms (24-27). Astrocytes
and microglia are known to synthesize apoE (28, 29), which
generates HDL-like particles with cellular lipids in cerebrospi-
nal fluid (CSF) and culture media (25, 26, 30, 31). These apoE-
lipid particles are assumed to supply cholesterol to neurons in
an apoE receptor-mediated manner (32, 33). Previously, we
have reported (34) that exogenously added recombinant human
apoE promotes cholesterol release in an isoform-dependent
manner. However, the mechanism underlying the isoform-de-
pendent cholesterol release mediated by apoE remains unde-
termined. It is known that the majority of apoE in CSF and
conditioned culture media is associated with lipids (31, 35), and
that the characteristics of lipid particles generated by the ad-
dition of exogenous apolipoprotein and those generated by en-

A-TI; CSF, cerebrospinal fluid; DMEM, Dulbecco’s modified Eagle's
medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline;
Tricine, N-[2-hydroxy-1,1-bis(thydroxymethyl)ethyllglycine; AB, amy-
loid f3-protein.
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dogenous apolipoprotein are different. HDL-like particles gen-
erated by the addition of exogenous apolipoprotein Al (apoAl)
(36) and apoE (34) have a low amount of cholesterol, whereas
HD1.-like particles formed with endogenous apoE are choles-
terol-rich (37). These lines of evidence led us to determine
whether the endogenous apoE-mediated cholesterol release
from cultured astrocytes is isoform-specific and, if it is the case,
tocharacterizethemolecular mechanismunderlying theisoform-
dependent lipid release. In this study, we investigated the
endogenous apoE-mediated cholesterol release from astrocytes
isolated from human apoE3- and apoE4 knock-in mouse brains.
We found that apoE3 has the ability to generate similarly sized
HDL-like particles with less amount of apoE than apoE4.
These findings may provide the basis for studies to relate
cholesterol with AD pathogenesis.

EXPERIMENTAL PROCEDURES

Animals—Mice expressing human apoE4 in place of mouse apoE
were generated by the gene-targeting technique taking advantage of
homologous recombination in embryonic stem cells (knock-in) as de-
scribed previously (38). ApoE3 knock-in mice were produced in the
same manner except that the transgene carried apoE3 ¢DNA in place of
apoE4 cDNA. The details of the generation of apoE3 mice will be
described elsewhere. Postnatal day 2 mice that possess homozygous €3
(3:3) or €4 (4:4) allele and correctly expressing human apoE3 or apoE4
proteins, respectively, were used in this study.

Cell Culture—Highly astrocyte-rich cultures were prepared accord-
ing to a method described previously (39, 40). In brief, brains of post-
natal day 2 mice were removed under anesthesia. The cerebral cortices
from the mouse brains were dissected, freed from meninges, and diced
into small pieces; the cortical fragments were incubated in 0.25% tryp-
sin and 20 mg/m!l DNase I in phosphate-buffered saline (PBS) (8.1 mm
Na,HPO,, 1.5 mm KH,PO,, 137 mm NaCl, and 2.7 mm KCl, pH 7.4) at
37 °C for 20 min. The fragments were then dissociated into single cells
by pipetting. The dissociated cells were seeded in 75-cm? dishes at a cell
density of 1 X 107 in DMEM containing 10% FBS. After 10 days of
incubation in vitro, astrocytes in the monolayer were trypsinized (0.1%)
and reseeded onto 6-well dishes. The astrocyte-rich cultures were main-
tained in DMEM containing 10% FBS until use.

Neuron-rich cultures were prepared from rat cerebral cortices as
described previously (19). The dissociated cells were suspended in the
feeding medium and plated onto poly-D-lysine-coated 6-well plates at a
cell density of 2 X 10%/cm?. The feeding medium consisted of Dulbecco’s
modified Eagle’s medium nutrient mixture (DMEM/F-12; 50:50%) and
N, supplements. More than 99% of the cultured cells were identified as
neurons by immunocytochemical analysis using monoclonal antibody
against microtubule-associated protein 2, a neuron-specific marker, on
day 3 of culture (41).

Quantification of Released and Intracellular Cholesterols and Phos-
phatidylcholines—The astrocytes in 6-well plates were washed in
DMEM three times and incubated in 2 ml of DMEM for 1, 3, and 5 days
at 37 °C. The conditioned culture media were removed and processed
for lipid extraction. The astrocytes in the monolayer were washed in
PBS three times and air-dried at room temperature. Lipids in the
conditioned culture media were extracted according to methods re-
ported previously (34, 41), with some modifications. In brief, aliquots of
1.0 ml each of the conditioned culture media were transferred to clean
glass tubes containing 4.0 mi of chloroform/methanol (2:1 v/v). The
organic phase was separated from the aqueous phase, washed twice by
vigorous mixing with 3 ml of water, re-separated from the aqueous
phase by centrifugation, and dried under N, gas. For extraction of
intracellular lipids, dried cells were incubated in hexane/isopropyl al-
cohol (3:2 v/v) for 1 h at room temperature. The solvent from each plate
was removed and dried under N, gas. The organic phases were redis-
solved in 400 ul of chloroform, and 150 ul of each sample was trans-
ferred onto 96-well polypropylene plates (Corning Glass) and dried
under air flow. The dried lipids were then dissolved in 20 pl of isopropyl
alcohol, and the contents of cholesterol and phospholipids were deter-
mined using cholesterol (Wako, Osaka, Japan) and phospholipid
(Kyowa Medix, Tokyo, Japan) determiner kits, respectively.

Determination of Amount of [**C]Acetate Incorporated into Choles-
terol and Phosphatidylcholine—Astrocytes cultured in DMEM plus 10%
FBS were washed in PBS three times and recultured in DMEM. The
cultures were then treated with 37 kBg/ml [**Clacetate (PerkinElmer
Life Sciences) for 1, 3, and 5 days. At the indicated time points, the
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culture medium was quickly removed; the cells were then washed three
times with cold PBS and dried at room temperature. Aliquots of 0.5 ml
each of the conditioned culture media were transferred to clean glass
tubes containing 2.5 ml of chloroform/methanol (2:1 v/v). For the ex-
traction of intracellular lipids, dried cells were incubated in hexane/
1sopropyl alcohol (3:2 v/v) for 1 h at room temperature. The solvent from
each plate was removed and dried under N, gas. The organic phases
were redissolved in 50 ul of chloroform, and 10 ul of each sample was
spotted on activated silica gel high performance thin layer chromatog-
raphy plates (Merck); the lipids were separated by sequential one-
dimensional chromatography using chloroform/methanol/acetic acid/
water (25:15:4:2, v/v), followed by another run in hexane/diethyl ether/
acetic acid (80:30:1). [“*C]Cholesterol and [**Clphosphatidylcholine
were used as standards. The chromatography plates were exposed to
radigsensitive films, and each lipid was visualized and quantified with
BAS2500 (Fuji Film, Tokyo, Japan). For determination of protein con-
centration, the astrocytes were cultured in 1 ml of distilled water
containing 0.1% NaOH for 1 h, and 10 ul of each sample was processed
for determination of protein concentration using a BCA kit.

Density Gradient Ultracenirifugation—After incubation in DMEM
for 5 days, the astrocyte culture medium was collected, centrifuged at
1,600 X g for 15 min in a 50-ml plastic tube to exclude cell debris, and
adjusted to a discontinuous sucrose gradient. A discontinuous sucrose
gradient was prepared in a 14 X 89-mm ultracentrifuge tube (Ultra-
clear, Beckman Instruments, Palo Alto, CA) from the bottom to the top,
with 2 ml of sucrose at a density of 1.30 g/ml, 3 ml at 1.20 g/ml, 3 ml at
1.10 g/ml, and 4 ml at 1.006 g/ml medium. The sample in the sucrose
gradient was then centrifuged in an SW41-Ti swing rotor (Beckman
Instruments, Palo Alto, CA) at 4 °C for 48 h at 160,000 X g,,. Following
density gradient centrifugation, 12 1.0-ml fractions were collected with
a micropipette from the top gradient. The densities of the fractions were
determined by measuring the weight of 100 ul of each fraction using a
micropipette. The final fraction was stirred to resuspend the pellet. The
lipid content in each fraction was determined as described above. The
density of each fraction was determined using a density meter,
DMAS35N (Anton Paar, Graz, Austria).

Immunoblot Analysis—Samples of each fraction were dissolved in
the sampling buffer consisting of 100 mum Tris-HC] (pH 7.4), 10% glyc-
erol, 4% SDS, 10% mercaptoethanol, and 0.01% bromphenol blue and
analyzed by 12.56% Tris/Tricine SDS-PAGE as reported previously (42).
The separated proteins were transferred onto Immobilon membranes
with a semidry electrophoretic transfer apparatus (Nihon Eido, Tokyo,
Japan) using a transfer buffer (0.1 M Tris, 0.192 M glycine, and 20%
methanol). Blots were probed for 4 h at room temperature with a goat
anti-apol polyclonal antibody, AB947 (1:2,000; Chemicon, Temecula,
CA) and a goat anti-apod antibody (1: 2,000; Rockland, Gilbertsville,
PA). Band detection was carried out with an ECL kit (Amersham
Biosciences). For determination of the concentration of apoE released
into the culture medium, signals corresponding to apoE of each sample
in the immunoblot membrane were quantified by densitometry with
NIH image software, with varying concentrations of synthetic apol
protein (Wako, Tokyo, Japan) as standards. Standard signals were
demonstrated to be linear in the range of apoE protein amounts from 0
to 2 ug per lane. The apoE concentrations in the conditioned culture
media within this range were used for analysis. For detection of the
oligomeric apoE protein in the conditioned culture media, Western blot
analysis was performed under nonreducing conditions. Aliquots of each
conditioned culture medium of apoE3- and apoE4-expressing astrocytes
were mixed with the same volume of the 2X nonreducing Laemmli
buffer consisting of 100 mm Tris-HCl (pH 7.4), 10% glycerol, 4% SDS,
and 0.01% bromphenol blue, but no B-mercaptoethanol, and analyzed
by Western blotting as described above.

Size Determination of Lipoprotein Particles—The conditioned culture
media of astrocytes expressing human apoE3 and apoE4 were concen-
trated 5-fold using a Centriprep-YM10 tube (Millipore, Bedford, MA) by
centrifugation in a JA-12 rotor using a Beckman J-251 ultracentrifuge
at 4 °C for 40 min at 3,000 X g. After centrifugation, the sample was
subjected to density gradient ultracentrifugation with a discontinuous
sucrose gradient as described above. Two milliliters of the HDL fraction
(fraction number 4) in a Centricon YM10 tube (Millipore) was further
concentrated to 200 pl in a JA-20.1 rotor using a Beckman J-251
ultracentrifuge at 4 °C for 2 h at 5,000 X g. The concentrated condi-
tioned culture medium was then subjected to nondenaturing 4-20%
TBE (pH 8.3)-buffered PAGE to evaluate the particle size heterogeneity
of the apoE fractions. Ten microliters of apoE-lipid particles (unboiled
and nonreduced) containing 10% sucrose and 0.02% bromphenol blue
was applied onto 4-20% gradient gel. Native high molecular weight
protein standards (Amersham Biosciences) were used as size standards
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(43). Electrophoresis was performed at 4 °C with a prerun of 15 min at
125 V before the entry of samples into the stacking gel, followed by
migration at 100 V for 8 h. The separated apoE that migrated as a
lipid-apoE complex was transferred onto Immobilon membrane with a
semidry electrophoretic transfer apparatus (Nihon Eido, Tokyo, Japan)
using a transfer buffer (0.1 M Tris, 0.192 M glycine and 20% methanol).
Separated proteins were probed for 4 h at room temperature with a goat
anti-apoE polyclonal antibody, AB947 (Chemicon, Temecula, CA) (1:
2000). ApoE protein was detected using an ECL kit (Amersham Bio-
sciences). The mean apoE-lipid particle size was obtained based on the
migration of the size standards, which were stained by 0.56% Ponceau S
(Sigma) and 1% acetic acid in distilled water.

Statistical Analysis—StatView computer software (Macintosh) was
used for statistical analysis. Statistical significance of differences be-
tween samples was evaluated by the Student’s ¢ test.

RESULTS

The apoE3- and apoE4-expressing astrocytes became conflu-
ent 7 days after replating and appeared morphologically com-
parable. The time-dependent curves for the release of choles-
terol and phospholipids from cultured astrocytes expressing
human apoE3 and apoE4 are shown in Fig. 1, ¢ and b, respec-
tively. We found that the amounts of cholesterol (Fig. 1a) and
phospholipids (Fig. 1b) released from cells of both genotypes
increased in a time-dependent manner and that the amounts of
these lipids released from apoE3-expressing astrocytes were
significantly higher than those from apoE4-expressing astro-
cytes at days 3 and 5, when compared on the basis of cellular
protein. In contrast, the levels of [**Clacetate incorporation
into cholesterol and phosphatidylcholine in both apoE3- and
apoE4-expressing astrocytes were at similar at each time point
(Fig. 1, ¢ and d). Similarly, the total amounts of cellular cho-

lesterol and phospholipids in both genotypes of astrocytes were
similar at each time point (Fig. 1, e and /).

We next determined the amounts of apoE3 and apoE4 re-
leased into each culture medium. Western blot analysis of the
conditioned culture media of apoE3- and apoE4-expressing as-
trocytes at culture days 1, 3, and 5 shows that the total amount
of apoE released into the culture media of both apoE3- and
apoE4-expressing astrocytes increased with culture time (Fig.
2, a and b). The densitometric analysis of these signals shows
that comparative amounts of apoE were released from apoE3-
and apoE4-expressing astrocytes (Fig. 2b).

The characteristics of the lipid particles released into the
serum-free media from cultured astrocytes were examined. The
results of density gradient ultracentrifugation of the cultured
media of apoli3- and apoEd4-expressing astrocytes, shown in
Fig. 3, indicate that the lipid distribution in each sample con-
tains two peaks. They show that most of the cholesterol and
phospholipids are distributed similarly in the fractions with
densities of 1.04-1.13 (fractions 3-5). They also show that
smaller amounts of cholesterol and phospholipids are distrib-
uted in the fractions having densities of 1.14-1.21 g/ml (frac-
tions 8 and 9). These results show that the major parts of
cholesterol and phospholipids were present in the lighter den-
sity fractions 3-5, and the minor parts of these lipids were
present in the heavier density fractions 8 and 9, the densities of
which corresponded to those of HDL. Next, we performed im-
munoblot analysis of each fraction using anti-apoE and anti-
apod antibodies. ApoE3 and apoE4 were detected mainly in
fractions 4 and 5 of each sample of the conditioned culture
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FiG. 2. Amount of apoE protein released into the conditioned
culture media of apoE3- and apoE4-expressing astrocytes. Astro-
cyte-rich cultures were prepared as described under “Experimental
Procedures.” Before experiments, the cells were washed three times
with DMEM and cultured in DMEM. At the time points indicated, the
lipids released into the medium were extracted and analyzed as de-
scribed under “Experimental Procedures.” The aliquots (5 pl) from each
sample were subjected to immunoblot analysis using the polyclonal
anti-apoE antibody, AB947, as the primary antibody (a). The intensity
of each band was quantified by densitometric analysis using NIH im-
aging software for Macintosh (b). The amount of apoE released into the
culture media from apoE3-expressing astrocytes was similar to that
from apoE4-expressing astrocytes. Four independent experiments show
similar results.
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Fic. 3. Density gradient analysis of lipid particles released
from astrocytes. Three-week-cultured astrocytes plated in 6-well
dishes were maintained in DMEM containing 10% FBS (324 pg/ml
cholesterol). The astrocytes were rinsed three times with fresh DMEM
and incubated in DMEM for 5 days. The culture medium was collected
and centrifuged at 1,600 X g for 15 min to exclude cell debris. The
supernatant was collected and subjected to the initial discontinuous
density gradient prepared with sucrose solutions as described under
“Experimental Procedures.” After centrifugation, fractions were col-
lected and analyzed for their cholesterol (a) and phospholipid (b) con-
tents. The density of each fraction was also determined using a density
meter, DMA35N (o). apoE3-Ast, apoE3-expressing astrocytes; apoE4-
Ast, apoE4-expressing astrocytes. Six independent experiments showed
similar results.

media of apoE3- and apoEd4-expressing astrocytes, which is
consistent with the major peak of lipid distribution, as shown
in Fig. 4, @ and b, respectively. In contrast, apod in each sample
of the conditioned culture media of apoE3- and apoE4-express-
ing astrocytes was detected in fractions 6—11, which are dis-
tinct from those containing apol (Fig. 4, ¢ and b). The distri-
butions of apoE and apod across the fractions of each sample as
quantified by densitometric analysis are shown in Fig. 4ec,
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Fic. 4. Distribution of apoE3 and apoE4 across the fractions
separated by density gradient ultracentrifugation. Twelve frac-
tions obtained from the culture media of apoE3- and apoE4-expressing
astrocytes as described in Fig. 3 were used for determination of the
distribution of apoE and apod. Aliquots of 10 pl from each fraction were
mixed with the same volume of sample buffer and subjected to SDS-
PAGE. The separated proteins from the culture media of apoE3- (@) and
apoE4-expressing astrocytes (b) were immunoblotted with an anti-apoE
antibody and an anti-apaJ antibody. To determine the distribution
pattern of apoE (O and @) and apod ((J and @) across the fractions,
immunoblot membranes were subjected to scanning, and the intensity
of each band was determined by densitometric analysis using computer
software (c). apoE3-Ast, apoE3-expressing astrocytes; apoE4-Ast,
apoE4-expressing astrocytes. Six independent experiments show simi-
lar results.

indicating the difference in distribution between apoE and
apod.

In addition, because we found that neurons synthesize and
secrete apod to form HDL-like particles without secretion of
apoE, we characterized the apoJ-mediated lipid release from
neurons to compare it with that from astrocytes. The apod-
mediated lipid release into the conditioned media of cultured
neurons was found to be distributed across the fractions at
densities from 1.092 to 1.180 g/ml, which is similar to that of
apod-mediated lipid release from astrocyte cultures (Fig. 5).
The distribution peaks of aped (Fig. 5a), cholesterol (Fig. 5b),
and phospholipids (Fig. 5¢) across the fraction densities were
found to be identical at 1.127 g/ml. These results show that
apod-containing lipoproteins in both conditioned media of cul-
tured neurons and astrocytes are heavier than those generated
by apoE in the conditioned media of cultured astrocytes and
that the characteristics of apoJ-containing lipoproteins gener-



