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Fiac. 5. Comparison of the distribution pattern of apolipopro-
teins and lipids in the conditioned media of cultured astrocytes
and neurons. Density gradient ultracentrifugation of the conditioned
culture media of neurons was performed to obtain 12 fractions. The
neurons were cultured in serum-free N2-supplemented DMEM/F-12
medium (N2 medium) for 2 days, washed with fresh DMEM, and
incubated in N2 medium for another 2 days. The culture medium was
centrifuged at 1,600 X g for 15 min, and the supernatant was collected
and subjected to the initial discontinuous density gradient analysis
using sucrose solutions as described under “Experimental Procedures.”
After centrifugation, fractions were collected and analyzed for their
cholesterol and phospholipids contents. Aliquots of 10 ul from each
fraction were mixed with the same volume of sample buffer and sub-
jected to SDS-PAGE. The separated proteins were immunoblotted with
an anti-apoE antibody and an anti-apeJ antibody. No apoE signal was
detected in the conditioned culture medium of neurons. The intensities
of apod signals detected by Western blotting were determined by den-
sitometric analysis as described under “Experimental Procedures.” For
comparison, the results of the distribution of apoE3 and lipids across
the fractions of the conditioned culture media of astrocytes are used.
The values of each parameter are expressed in terms of the density of
each fraction (x axis). The distributions of apoE3 (O) and apod (1)
across the density of the conditioned culture medium of astrocytes and
that of apoJ (B) of the conditioned culture medium of neurons are
shown (a). The distributions of cholesterol and phospholipids for the
astrocyte culture medium are shown as open circles (b and ¢), and those
for neuronal culture medium are shown as closed circles (b and c).
Astro-CM, the conditioned culture medium of astrocytes; Neuron-CM,
the conditioned culture medium of neurons.
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ated from neurons and astrocytes examined in this study are
comparable.

Theseresultsindicate that apoE-lipid complexeshaveisoform-
dependent stoichiometry of lipids to apoE. Thus, we next de-
termined the molar and weight ratios of cholesterol and phos-
pholipids to apoE. The quantification of apoE in a given
fraction was carried out by Western blot analysis, followed by
densitometric analysis using recombinant human apoE3 and
apoE4 as standards. As shown in Table I, the molar ratio of
cholesterol to apoE with apoE3-lipid particles was 2.1-fold
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TABLE I
The molar and weight ratios of cholesterol and phospholipids to apoE
associated with lipid complex released to cultured media

The culture media of astrocytes expressing human apoE3 or apoE4
were changed to DMEM without serum. The cultures were incubated
for 5 days, and then the conditioned media of each culture were col-
lected. The conditioned culture media were fractionated by density
gradient ultracentrifugation, and the amounts of cholesterol and phos-
pholipids in the HDL fraction (fraction number 4) were determined as
described under “Experimental Procedures.” The amount of apoE in the
same fraction was determined by quantitative Western blot analysis as
described under “Experimental Procedures.” ND, not determined.

Cholesterol/apoE Phospholipids/apoE
Molar ratio Weight ratio Molar ratio Weight ratio
ApoE3 250 = 6.0 2.85 * 0.64 ND 5.35 + 1.28
ApoE4 119 + 5.1¢ 1.36 = 0.54° ND 2.37 = .075°

¢ p < 0.05 versus apok for triplicate samples.
® p < 0.01 versus apoE for triplicate samples.

greater than that with apoE4-lipid particles. On the other
hand, weight ratio of phospholipids to apoE with apoE3-lipid
particles was 2.3-fold greater than that with apoE4-lipid par-
ticles. These values are comparable with the difference in the
amount of lipids released from apoE3- and apoE4-expressing
astrocytes (Fig. 1).

These results show that the ability of apoE3 to form lipid
particles is greater than that of apoE4, indicating that lipid
particles are generated in a stable form by apoE3 with less
number of apoE molecules than apoE4. We further determined
and compared the sizes of the particles associated with apoE3
and apoE4. The sizes of the apoE-lipid particles in HDL frac-
tion 4 were analyzed by nondenaturing gradient gel electro-
phoresis. Each sample from the conditioned culture media of
the apoE3- and apoE4-expressing astrocytes was separated by
electrophoresis and subsequently analyzed by apoE Western
blotting (Fig. 6). Two populations of prominent apoE-lipid par-
ticles with diameters of 6.3 and 8.97 nm were present in frac-
tion 4 of the conditioned culture medium for both apoE3- and
apoE4-expressing astrocytes. Equivalent amounts of aliquots
were used for Western blot analysis with an anti-apodJ anti-
body, and no signal was detected (data not shown). The apoE-
lipid particle sizes were determined by calculation of the size of
each band based on the size standards. The particle sizes of the
apolE3-expressing astrocytes are similar to those of apoE4-
expressing astrocytes (Table IT).

It has been suggested that disulfide-linked dimeric apoA-II
exhibits stronger ability to promote lipid release than mono-
meric apoA-II because of its increased number of helical seg-
ments (44). Because apoE3 contains cysteine at residue 112
and apoE4 does not, the higher ability of apoE3 to promote lipid
release may be caused by its increased number of helical seg-
ments due to the formation of disulfide-linked dimers. To ex-
amine this possibility, we performed immunoblot analysis of
the conditioned culture media of apoE3- and apoE4-expressing
astrocytes under reducing and nonreducing conditions. In the
absence of f-mercaptoethanol, the conditioned culture media of
apoE3-expressing astrocytes contained oligomers, mainly
dimers and less amount of tetramers, in addition to monomers,
whereas those of apoE4-expressing astrocytes contained mono-
mers (Fig. 7a). Obviously, the band representing apoE3 dimer
was higher than the expected one (M, = 68,400). Because it is
known that serum apoE3 forms homodimers that migrate
anomalously on SDS gel under nonreducing conditions (45),
this may also be the case for apoE3 dimer in the conditioned
culture media. The oligomers found in the conditioned culture
media of apoE3-expressing astrocytes were found to be mono-
mers, when the samples were incubated with 10% B-mercap-
toethanol (Fig, 75).
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F1a. 6. Native and nondenaturing gradient gel electrophoresis
of apoE3- and apoE4-expressing astroeyte lipoprotein particles
followed by Western blot analysis. ApoE-rich fraction 4 from each
conditioned culture media of apoE3- and apoE4-expressing astrocytes,
under nondenaturing and nonreducing conditions, was electrophoresed
on a nondenaturing 4-20% TBE gradient gel, followed by Western blot
analysis using an anti-apoE antibody. Amersham Biosciences native
high molecular weight standards were used for hydrated diameter
assessment. Lanes 1 and 2, samples from fraction 4 of different condi-
tioned culture media of apoE3-expressing astrocytes; lanes 3 and 4,
samples from fraction 4 of different conditioned culture media of apoE4-
expressing astrocytes. Four independent experiments showed similar
results.

TasLE II
Particle size of apoE-lipid complex in the conditioned culture media of
mouse astrocytes expressing human apoE3 or apoE4

The conditioned eulture media of astrocytes expressing human apoE3
and apoE4 were concentrated 5-fold using Centriprep-10 (Millipore,
Bedford, MA) prior to fractionation. Two milliliters of the HDL fraction
(fraction number 4) was further concentrated to 200 pl using Centricon
YM10 (Millipore). The samples were electrophoresed on a nondenatur-
ing 4-20% gradient gel, and the separated proteins were transferred
onto a polyvinylidene difluoride membrane (Millipore) and probed with
an anti-apoE antibody, AB947. As shown in Fig. 6, apoE associated with
HDIL-like particles was visualized as separated bands, and the sizes
were determined in comparison with the migration of the standard
proteins of known diameters (HMW calibration kit, Amersham Bio-
sciences). There was no significant difference in the size of lipid parti-
cles obtained between apoE3- and apoE4-expressing astrocytes, n = 3
for each sample.

Particle size; diameter (nm)

ApoE genotype

Small Large
ApoE3 6.30 = 0.01 8.97 + 0.02
ApoE4 6.31 = 0.01 8.97 = 0.02
DISCUSSION

Here, we demonstrate the apoE isoform-dependent lipid re-
lease from cultured astrocytes prepared from apoE3 and apoE4
knock-in mice. Although we have found no apoE isoform-de-
pendent differences in size between the apoE3 and apoE4 lipid
particles, nor in the total amount of released apoE between
apoE3 and apoE4 astrocytes, the apoE3-specific enhancement
of lipid release from the cells was observed. These results
indicate that apoE3 has a higher ability to generate apoE lipid
particles with less numbers of apoE molecules per particle than
apokd, suggesting that apoE3-expressing astrocytes could sup-
ply more cholesterol to neurons than apoE4-expressing astro-
cytes, thereby supporting neuronal plasticity and promoting
neuronal regeneration.
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Fic. 7. Time course of apoE release into the conditioned me-
dium from cultured apoE3- and apoE4-expressing astrocytes.
Shown are the results of Western blot analysis under nonreducing or
reducing conditions of apoE3 and apoE4 in the conditioned culture
medium of apoE3- and apoE4-expressing astrocytes, respectively. Oli-
gomeric apoE (mainly dimers and less amount of tetramers) was found
in the samples of apoE3-expressing astrocyte cultures, but not in those
of apol4-expressing astrocyte cultures (a). When the samples were
incubated in Laemmli buffer containing 10% B-mercaptoethanol (8-
ME), such oligomers were not detected in both samples (b). Five inde-
pendent experiments show similar results.

ap‘TEB apoE4

Lipid particles

FiG. 8. Model of apoE lipid particles generated by apoE3- and
apoE4-expressing astrocytes. The present data indicate that apoES3
has the ability to generate similarly sized apoE lipid particles with less
number of apoE molecules than apoE4. Based on these findings, we
propose a model showing that one apoE4-containing lipid particle con-
tains ~2-fold numbers of apoE molecules compared with an apoE3-
containing lipid particle.

It was reported that apolipoproteins with multiple a-helix
segments of 20-30 amino acid residues, in which hydrophobic
and hydrophilic residues are aligned on opposite sides of the
axis, induce cholesterol efflux from cells when added to the
culture medium (44, 46-50). ApoE is one of such apolipopro-
teins, and the effects of apoE on cholesterol release have been
examined in various cell systems (51-54). This apolipoprotein-
mediated cholesterol release results in the generation of pre-
B-HDL, which contains apolipoproteins, cellular cholesterol,
and phosphatidylcholine. Recent studies (31, 37) have demon-
strated that HDL-like particles in association with exogenous
or endogenous apol are also generated in the cultured medium
of the central nervous system cells such as astrocytes and
neurons. In addition, we have found that the addition of exog-
enous apoE promotes lipid release from the central nervous
system cells generating HDL-like particles in an apoRE isoform-
dependent manner (34). Consistent with our previous findings
using exogenous apol, the present study also shows that the
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amount of lipids released from apoE3- and apoE4-expressing
astrocytes is apoE isoform-dependent, with the order of potency
being apoE3 > apoE4. However, the mechanism under-
lying this isoform-dependent cholesterol release remains
undetermined.

Therefore, the next question to be addressed is what is the
mechanism underlying the apoE isoform-dependent cholesterol
release. We found that the amount of lipids released from
apoE3-expressing astrocytes is ~2.5-fold greater than that
from apoE4-expressing astrocytes, whereas the amount of
apoE3 released is similar to that of apoE4. One possible expla-
nation to this may be that each particle contains equal amount
of apoE proteins; however, particles containing apoE3 contain
~2.5-fold greater amounts of lipids than those containing
apoE4. Another possible explanation may be that each particle
contains equal amounts of lipids, but apoE3-containing parti-
cles contain lower numbers of apoE molecules than apoE4-
containing particles. This implies that apoES3 has the ability to
form lipid particles with a lower number of apoE molecules
than apoE4, and thus to generate ~2.5-fold greater numbers of
apoE-lipid particles than apoE4 with the same number of apoE
molecules. Between these two possibilities, our experiment fa-
vors the latter because, as shown in Fig. 6 and Table II, the
sizes of particles in both conditioned culture media of apoE3-
and apoE4-expressing astrocytes are similar.

The apoE isoform-dependent difference in the association of
lipoprotein particles may be explained in terms of the mecha-
nism underlying the apoE isoform-specific formation of apoE
oligomers; apoE3 protein forms dimers, and apoE4 does not.
This difference may be because apoE3 has cysteine at position
112 of the N-terminal domain, whereas apoE4 has arginine at
the same position. Previous studies have shown that the num-
ber and the length of amphiphilic helices are responsible for
determining the ability of a given apolipoprotein to promote
lipid release (44, 49, 55). Interestingly, human apoA-II is
known to form disulfide-linked dimers and exhibit stronger
ability to promote lipid release than monomeric apoA-II (44).
These lines of evidence allow us to postulate that the higher
ability of apoE dimers than apoE monomers to promote lipid
release may explain the greater amounts of lipids released in
the conditioned culture media of apoE3-expressing astrocytes
than apoE4-expressing astrocytes. Based on this assumption,
we propose a model of the isoform-dependent association of
apoE with lipid particles (Fig. 8). Consistent with our present
results, previous studies have revealed the conformational
adaptability of apoE the N-terminal domain as a function of
lipid availability (56) or the presence of competitor apolipopro-
teins (for review see Ref. 57). In these studies, a model of two
possible conformations of apoE on spherical lipid particles was
proposed; at a high apoE concentration, the N-terminal domain
is displaced from the lipid surface to form a helix bundle in a
closed conformation, whereas at a low concentration on the
surface, the four helix bundles of the N-terminal domain are in
an open conformation, and all the helices are in contact with
the lipid surface. Based on these lines of evidence together with
our findings that an apoE3-containing HDL-like particle con-
tains approximately one-half the number of apoE molecules
compared with an apoE4-containing particle, it may be possible
that the apoE isoform-dependent conformational change occurs
on the surface of lipid particles; the N-terminal domain of
apoE3 is in an open conformation, whereas that of apoE4 is in
closed helix bundle conformation.

Another possible explanation may be the preferential asso-
ciation of apoE isoforms with lipoproteins; apoE4 preferentially
associates with very low density lipoprotein, whereas apoE3
associates with HDL. This assumption is based on the facts
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that the N-terminal domain modulates the lipid-binding pref-
erence elicited by the C-terminal domain (58, 59) and that the
interaction between the N- and C-terminal domains is respon-
sible for this isoform preference (60, 61). It has been suggested
that in apoE4, the interaction of arginine 61 with glutamic acid
255 may stabilize an extended helical structure in the carboxyl
terminus that is best accommodated on a less curved very low
density lipoprotein surface, whereas this interaction does not
exist in apoE3, which therefore lacks stability and has shorter
helices and preference for HDL (61, 62). Based on these lines of
evidence, apoll3 may preferentially bind to an HDL particle
with a lower number of apoE molecules to stabilize the particle,
whereas apoE4 has less binding efficacy to an HDL particle,
which requires higher numbers of apoE molecules to stabilize
the particle. Because the physical properties of apoE are as-
sumed to influence its functions (i.e. how it associates with lipid
particles and stabilizes them), the apoE-isoform-dependent dif-
ference in the stability among the 22-kDa N-terminal frag-
ments of apoE (63) may be involved in the isoform-dependent
binding efficacy of apoE to HDL particles.

Previous studies (48-50, 54) have demonstrated that various
cells generate cholesterol-rich HDL-like particles with exoge-
nous apolipoproteins. However, this is not the case with astro-
cytes, because we and other researchers have found that gen-
eration of HDL by endogenous apoE and by exogenous apoE is
differently regulated in cultured astrocytes; HDL-like particles
that are generated with exogenous apolipoproteins have low
amounts of cholesterol (34, 37), whereas HDL-like particles
generated with endogenous apoE are cholesterol-rich (37). In
support of these findings, the present study has shown that
apoE-lipid particles generated by the endogenously synthe-
sized and released apoE are cholesterol-rich, compared with
those generated by the addition of exogenous apoE (34). Be-
cause the amount of apoE that is free from lipid particles in the
cultured medium and CSF is below detection limit (see Ref. 31
and this study) (Fig. 4, a and b), these results suggest that
under physiological conditions, cholesterol-rich lipid particles
associated with endogenous apoE are the major cholesterol
source for neurons in the central nervous system. In this re-
gard, it is of interest to note that apoE3-expressing astrocytes
could supply more cholesterol in the form of apoE lipid particles
to other cells including neurons with comparable levels of apoE
secretion than apoE4-expressing astrocytes. Under the steady-
state conditions, the lipid metabolisms in the central nervous
system appear similar between the brains of apoE3 and apoE4
knock-in mice; the concentrations of free and esterified choles-
terol in the postnuclear supernatant, plasma membrane, and
endoplasmic reticulum of the brain homogenate are similar
(64). However, under different conditions such as during recov-
ery phases after brain injury and cell damage, endogenous
apoE-mediated generation of HDL-like particles could play a
critical role in cholesterol delivery to neurons, which are an
essential material for axonal regeneration and synapse forma-
tion (65—68). Actually, previous studies (69, 70) have demon-
strated that traumatic brain injury is the most robust environ-
mental risk factor for development of AD. These lines of
evidence may allow us to postulate that the apoE isoform
dependence of the development of AD may be explained by the
apoE isoform-dependent ability in the cholesterol supply
to neurons after injury and cell damage, leading to
neuroregeneration.
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A Novel Function of Monomeric Amyloid B-Protein Serving as an
Antioxidant Molecule against Metal-Induced Oxidative Damage

Kun Zou, Jian-Sheng Gong, Katsuhiko Yanagisawa, and Makoto Michikawa

Department of Dementia Research, National Institute for Longevity Sciences, Obu, Aichi 474-8522, Japan

Aggregated and oligomeric amyloid B-protein (AB) is known to
exhibit neurotoxicity. However, the action of A monomers on
neurons is not fully understood. We have studied aggregation
state-dependent actions of AB and found an oligomer-specific
effect of AB on lipid metabolism in neurons (Michikawa et al.,
2001). Here, we show a novel function of monomeric AB1-40,
which is the major species found in physiological fluid, as a natural
antioxidant molecule that prevents neuronal death caused by
transition metal-induced oxidative damage. Monomeric AB1-40,
which is demonstrated by SDS-PAGE after treatment with glutar-
aldehyde, protects neurons cultured in a medium containing 1.5
um Fe(ll) without antioxidant molecules. Metal ion chelators
such as EDTA, CDTA (trans-1,2-diaminocyclohexane-N,N,N'.N'-
tetraacetic acid), and DTPA (diethylenetriamine-N,N,N' ,N",N"-
penta-acetic acid, an iron-binding protein, transferrin, and
antioxidant scavengers such as catalase, glutathione, and vi-
tamin E also inhibit neuronal death under the same conditions.

Monomeric AB1-40 inhibits neuronal death caused by Cu(ll),
Fe(ll), and Fe(ill) but does not protect neurons against H,O,-
induced damage. Monomeric Ag1-40 inhibits the reduction of
Fe(lll} induced by vitamin C and the generation of superoxides
and prevents lipid peroxidation induced by Fe(ll). AB1-42 re-
maining as a monomer also exhibits antioxidant and neuropro-
tective effects. In contrast, oligomeric and aggregated AB1-40
and AB1-42 lose their neuroprotective activity. These results
indicate that monomeric AB protects neurons by quenching
metal-inducible oxygen radical generation and thereby inhibit-
ing neurotoxicity. Because aggregated Af is known to be an
oxygen radical generator, our results provide a novel concept
that the aggregation-dependent biological effects of AB are
dualistic, being either an oxygen radical generator or its
inhibitor.

Key words: Alzheimer’s disease; amyloid B-protein; transition
metals; oxygen radicals; antioxidant; neuronal death

One of the neuropathological hallmarks of Alzheimer’s disease
(AD) is the formation of extracellular amyloid deposits (Selkoe,
1994). The major component of the amyloid deposits is the 39-42
amino acid peptide of the amyloid -protein (AB) (Glenner and
Wong, 1984; Masters et al., 1985). One of the AB species, ending
with a C terminus at residue 40 (Ap1-40), is the predominant
soluble species in biological fluids (Vigo-Pelfrey et al., 1993; Ida
et al,, 1996). The longer form of AB, ending at residue 42
(AB1-42), accumulates initially and predominantly in parenchy-
mal plaques (Roher et al., 1993; Iwatsubo et al., 1994). AB1-42is
normally produced and secreted by cells in much lower quantities
than AB1-40, which represents ~90% of the total secreted AB. It
is believed that aggregated AP exerts neurotoxicity and initiates
the progressive pathophysiology of AD (Mattson et al., 1993; Pike
et al., 1993; Lorenzo and Yankner, 1994; Hartley et al., 1999).
However, the function of monomeric AB on neurons is not yet
fully understood.

It has been reported that the levels of metals such as zinc, iron,
and copper are significantly concentrated in senile plaques (Smith
et al., 1997; Lovell et al.,, 1998b). These observations followed
original reports showing that these metals promote AJ aggrega-
tion (Bush et al., 1994a,b; Huang et al., 1997; Atwood et al., 1998),
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which is reversed by treatment with chelators in vitro (Huang et
al., 1997) and in vivo (Cherny et al., 2001). In support of these
findings, a recent study has clearly demonstrated that zinc and
copper induce non-B-sheeted AP aggregation but inhibit
B-sheeted aggregation and fibril formation (Yoshiike et al., 2001).
Other studies have suggested that accumulated metals support the
AD pathology as a possible source of reactive oxygen radicals
(Smith et al., 1997; Lovell et al., 1998b; Sayre et al., 2000).

Recent studies showed that the surrounding regions of AfB
deposits in brains of patients with AD and Down’s syndrome have
no damage (Nunomura et al., 2000, 2001) and that there is an
inverse correlation between A burden and the levels of oxidized
nucleic acids in the AD brain (Cuajungco et al., 2000b). Although
aggregated Af is reported to generate free radicals (Hensley et
al., 1994; Schubert and Chevion, 1995; Kay, 1997; Huang et al.,
1999a; Monji et al., 2001b), these lines of evidence imply a new
function of AB other than that of a radical generator. A previous
report has suggested its antioxidant activity for lipoproteins
(Kontush et al., 2001); however, no explanation has been pro-
vided as to the mechanism behind the disparate results from
different laboratories regarding AB-induced oxidative stress ver-
sus others suggesting antioxidant properties.

In light of the above, we have studied the aggregation state-
dependent actions of AB on neurons (Michikawa et al., 2001;
Gong et al,, 2002). Here, we show that monomeric AB1-40 and
also AB1-42 serve as antioxidant molecules protecting neurons
from oxygen radicals generated in a metal-dependent manner,
providing new insights into the strategy for developing a therapy
for patients with AD.
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MATERIALS AND METHODS

Reagents and preparation. Synthetic human AB1-40 was purchased from
Peptide Institute Inc. (Osaka, Japan; lot numbers 510116 and 501001)
and Bachem (Bubendorf, Switzerland; lot number 0538913). AB40-1 (lot
number D539530) was purchased from Bachem, and AB1-42 (lot number
510523), AB1-16 (lot number 490704), and AB25-35 (lot number 500701)
were purchased from Peptide Institute Inc. AB1-40, AB1-42, and
AB25-35 were dissolved in DMSO at 2 mm and then diluted with distilled
water to a concentration of 200 uM. Although the solution was clear, it is
known that an AB solution contains short fibrils (Naiki et al., 1998). To
remove short fibrils, AB solutions were centrifuged at 100,000 X g for 1
hr at 4°C, using a Beckman Optima TLX tabie ultracentrifuge and a
Beckman TLA-120.2 fixed-angle rotor. AB1-16 was directly dissolved in
water to a concentration of 200 uM. Oligomeric AB1-40 was prepared as
described previously (Michikawa et al., 2001). Transferrin, insulin, pro-
gesterone, putrescine, selenite, superoxide dismutase (SOD), catalase,
glutathione, vitamin E, and vitamin E acetate were obtained from Sigma
(St. Louis, MO). The B27 supplement and B27 minus antioxidants
(B27-AO) were purchased from Invitrogen (Grand Island, NY). EDTA
was purchased from Eastman Kodak Company (Rochester, NY). trans-
1,2-diaminocyclohexane-N,N,N',N'-tetra-acetic acid (CDTA), diethy-
lenetriamine-N,N,N' ,N",N"-penta-acetic acid (DTPA), iron sulfate hep-
tahydrate, iron nitrate nonahydrate, and copper sulfate pentahydrate
were obtained from Wako Pure Chemical Industries, 1.td. (Osaka, Ja-
pan). Monoclonal antibody, namely, anti-4-hydroxy-2-nonenal (4-HNE)
antibody, which recognizes oxidized 4-HNE, was purchased from NOF
Corporation (Tokyo, Japan).

Cell culture. All experiments were performed in compliance with
existing laws and the institutional guidelines. Cerebral cortical neuronal
cultures were prepared from Sprague Dawley rats at embryonic day 17 as
described previously (Michikawa and Yanagisawa, 1998). The dissoci-
ated single cells were suspended in a feeding medium and plated onto
poly-D-lysine-coated 12-well plates at a cell density of 5 X 107> The
feeding medium consisted of DMEM/F12 containing 0.1% bovine albu-
min fraction V solution (Invitrogen) and N2 (Bottenstein and Sato,
1979), B27, or B27-A0O supplements.

Quantification of neuron survival. For assessment of cell viability of
cultured neurons, phase-contrast photomicrographs were taken before
treatment and at various time points after treatment. The number of
viable neurons on each micrograph was determined in premarked micro-
scope fields (10X objective). Viable neurons were identified on the basis
of morphological criteria. Neurons with intact neurites with uniform
diameter and soma with a smooth round appearance were considered
viable, whereas neurons with fragmented neurites and shrunken cell
bodies were considered nonviable. In a pilot study, cell viability was
confirmed by testing cell membrane permeability using propidium iodide
(PI) or by staining with a viable cell-specific marker, calcein AM, as
described previously (Michikawa and Yanagisawa, 1998). Neurons were
stained with Hoechst 33342 (bis-benzamide; 2.5 pg/ml), to visualize
their nuclear morphology. Most neurons died during culturing in
DMEM/F12 medium supplemented with B27-A0 (B27-AO medium) or
DMEM/F12 medium supplemented with N2 and FeSO,, CuSQ,, or
Fe(NO,);. For each determination of cell viability, 10001400 cells were
counted.

Thioflavin-T binding assay for aggregated AB. Determination of the
aggregated state of AB in solution was performed on the basis of a
previously established method (LeVine, 1995; LeVine, 1999). The con-
ditioned media, in which the cultures were incubated with AB, were
collected. Each well contained 50 ul of each medium in 1 m! per well of
5 uM thioflavin-T in 50 mm glycin-NaOH, pH 8.5. Steady-state fluores-
cence intensities for each sample were determined in 48-well plates with
a multiplate reader (Fluoroskan Ascent, Labsystems Inc., Franklin, MA)
(excitation 446 nm, emission 490 nm). The culture media to which A
was not added were used as the background.

Cross-linking of AB with glutaraldehyde. SDS-PAGE of cross-linked
fAB1-40 and iAB1-40 was performed as described previously (Levine,
1995). Briefly, 8 ug of each peptide in a stock solution (200 um) was
diluted to 35 ul with H,0O. One-tenth volume of glutaraldehyde (3.5 ul of
0.625% diluted from a 25% stock solution) was added to each solution
followed by the addition of an excess amount of NaBH,, (10 ul of 0.175 M,
6.6 mg/ml, in 0.1 m NaOH). After 10 min of incubation, 15 ul of the
SDS-PAGE sample buffer containing 100 mm dithiothreitol and 20%
sucrose was added. Boiling of the amyloid peptides in the sample buffer
was avoided, because SDS-resistant multimeric complexes are formed
from non-cross-linked peptides during heating in SDS (LeVine, 1995).
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Then, 20 ul of the mixture was subjected to SDS-PAGE using a 4-20%
gradient gel as described previously (Michikawa et al., 2001). The gel was
then visualized by silver staining. To compare the aggregation status of
ApB1-40 and AB1-42 in 8 mM sodium phosphate, pH 7.4, or DMEM/F12
medium, freshly dissolved AB1-40 and AB1-42 were incubated at 20 uM
for 3 hr at 37°C in each solution. The protein concentration of each
solution of AB1-40 and AB1-42 was determined, 2.8 ug of each peptide
was subjected to cross-linking, and the peptides were subjected to elec-
trophoresis and silver staining.

Iron reduction assays. Assays were performed according to a previously
reported method (Huang, 1999a). AB1-40 (10 um), AB1-42 (10 um),
DTPA (10 and 300 pMm) or Fe(IlI) (25 pMm), and 3-(2-pyridyl)-5,6-bis(4-
sulfo-phenyt)-1,2,4-triazine (PDT) (250 M) were added to 1 mi of 8 mm
sodium phosphate, pH 7.4, and rotated at 25°C for 6 hr. Vitamin C (10
M) was then added, and the mixture was further incubated at 37°C for
14 hr. A solution containing Fe(III) and AB1-40 at the same concentra-
tions in the absence of the indicator PDT was used to determine the
background levels of this assay system. The absorbance at 562 nm
indicates the amount of reduced iron ion, Fe(II).

Measurement of superoxide levels. The levels of intracellular superoxide
anion radicals were measured using hydroethidium (HE), which is oxi-
dized to a fluorescent ethidium cation by superoxides, using methods
similar to those described previously (Bindokas et al., 1996). In brief,
cells were incubated for 30 min in the presence of 5 um HE (Molecular
Probes, Eugene, OR) at 37°C in 5% CO, atmosphere, and confocal
images of cell-associated HE fluorescence were acquired (excitation =
488 nm and emission >560 nm).

Western blot analysis for determination of lipid peroxidation. Cerebral
cortices of Sprague Dawley rats at embryonic day 17 were isolated and
minced with a cutter and incubated in PBS in the presence of 3 or 5 uMm
Fe(II) with or without fAB1-40 at 10 uM for 4 hr at 37°C. The fragments
were then homogenized in RIPA buffer (150 mm NaCl, 10 mm Tris-HCl,
pH 7.5, 1% Nonidet P-40, 0.1% SDS, and 0.25% sodium deoxycholate)
and centrifuged at 10,000 X g for 10 min at 4°C, and the supernatants
were recovered. Protein concentrations of the supernatants were deter-
mined by the BCA method (Pierce, Rockford, IL.). Western blot analysis
was performed according to the methods described previously
(Michikawa et al., 2001). In brief, 24 ug of each protein was separated by
4-20% gradient SDS-PAGE and electrotransferred onto nitroceliulose
membranes. The membranes were incubated with monoclonal primary
antibody, anti-4-HNE antibody, at 2 ug/ml overnight at 4°C. The mem-
branes were then washed in PBS containing 0.05% Tween 20 (PBS-T)
three times, followed by incubation with HRP-conjugated goat anti-
mouse IgG (1:5000 dilution) for 1 hr at room temperature. The mem-
branes were washed four times in PBS-T and visualized with an ECL kit
(Amersham Pharmacia Biotech, Buckinghamshire, UK).

RESULTS

Freshly dissolved AB1-40 protects neurons against
death induced by antioxidant-depleted medium

We studied the effect of AB1-40 on neuronal viability. The
medium used was DMEM nutrient mixture (DMEM/F12, 50:50)
containing B27-A0. When neurons were incubated in the
B27-A0 medium, cultured neurons appeared healthy 40 hr after
plating; however, neuronal death was induced 48 hr after plating,
and most of the cells were dead 64 hr after plating (Fig. la—). In
contrast, neuronal death was inhibited in the presence of freshly
dissolved AB1-40 (fAB1-40) at a concentration of 5 um 64 hr
after plating (Fig. 1d). Addition of DMSO at a final concentration
of 1% DMSO to the B27-A0 medium did not prevent or accel-
erate neuronal death (Fig. le). Figure le shows the time-
dependent curves of neuronal viability of the cultures treated with
fAB1-40 at various concentrations. The neuronal death induced
by incubation in the B27-A0 medium was inhibited by fAB1-40
in a dose-dependent manner. Neuronal viability was maintained
at the initial levels when the cultures were treated with fAB1-40
at concentrations of 10 and 20 um until 4 d after the commence-
ment of the treatment (Fig. le). The neurons at each time point
were stained with Hoechst 33342 and PI. The viable neurons at
culture day 2 had larger swollen cell bodies (Fig. 15), and the
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nuclei of dead neurons were shrunken as demonstrated by
Hoechst 22336 and PI staining (Figs. 1f,4). The effect of freshly
prepared AB1-42 on neuronal viability was also examined.
fAB1-42 could not inhibit neurotoxicity but rather promoted
neuronal death (Fig. le).

Monomeric Ap1-40, but not oligomeric AB1-40, has an
ability to protect neurons in the B27-A0 medium

We examined the effect of incubated Ap1-40 (iAB1-40), which
was filtered and the protein concentration of which was deter-
mined before addition, on neuronal viability cultured in the
B27-A0 medium. As shown in Figure 2a, neuronal death oc-
curred 72 hr after the commencement of the treatment, which was
completely inhibited by fAB1-40, but not by iAB1-40, at a con-
centration of 5 um. Results of the quantitative analysis of neuro-
nal viability within 72 hr of incubation are shown in Figure 15,
showing that fAB1-40 at concentrations of 5 and 10 uM com-
pletely inhibited neuronal death, whereas iA31-40 inhibited neu-
ronal death at 10 uM but not at 5 um. To determine the oligomeric
state of AB, the reaction of the conditioned medium of each
culture with thioflavin-T was determined. As shown in Figure 2c,
the value of the conditioned medium of the cultures treated with
iAB1-40 was significantly higher than that treated with fAB1-40,
indicating that iAp1-40 contains highly oligomerized AB. To
determine more directly that the amount of monomeric AS was
decreased and that of oligomeric AB was increased, a cross-
linking study of each AB sample was performed. As shown in
Figure 2d, fAB1-40 contains mostly monomers, whereas 1A51-40
contains many oligomers, including dimers, trimers, and tetram-
ers, in addition to decreased levels of monomers. These results
indicate that AB monomers have a neuroprotective activity and
that the lack of neuroprotective activity of iAB1-40 at 5 uM is not
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Control AB1-40 (5pM)

Day 2

fAB1-40 inhibits neuronal death induced in an antioxidant-depleted medium.
Rat cortical neurons were cultured in the B27-A0O medium without AB1-40 treatment: 4,
40 hr culture; b, 48 hr culture; ¢, 64 hr culture; d, with fAB1-40 (5 um) treatment 4 hr after
plating, 64 hr culture. a— are the same microscope field. e, Cell viability in the cultures
treated with AB: none (@); DMSO vehicle ({T); AB1-40 at 2 um (8), 10 um (A), and 20
oM (O); and AB1-42 at 10 uM (4). Data represent means * SE; n = 6 each. Six
independent experiments showed similar results. Representative Hoechst staining show-
ing the nuclear morphology of cortical neurons with or without AB1-40 treatment is
shown in f, g. Cell membrane permeability is indicated by PI staining in 4, i.

caused by its toxic effect on neurons but rather by the low levels
of monomers.

Metal-binding protein and metal chelators inhibit
neuronal death in the B27-A0 medium

Because neurotoxicity was induced in the media deficient of
antioxidant reagents, it is reasonable to assume that the AS-
mediated neuronal protection may possibly be explained by an
antioxidant action of AB. Antioxidant actions include a direct
antioxidant effect, and the indirect actions of fAB1-40 include
quenching of metal ions to inhibit secondary generation of free
radicals. Thus, we examined the effect of molecules that have
antioxidant activities. As shown in Figure 3g, catalase, glutathi-
one, vitamin E acetate, and vitamin E inhibited neuronal death at
culture day 2. Catalase and vitamin E acetate and vitamin E
partially and completely inhibited cell death at culture day 4,
respectively; however, SOD did not show any neuroprotective
activity. Because we have observed that the N2 supplements
(Bottenstein and Sato, 1979) inhibited neuronal death induced by
incubation in the B27-AO medium, we examined the inhibitory
effect of each component of N2 supplements. Figure 3b shows that
among the components examined, only transferrin successfully
inhibited neuronal death. Because transferrin is known to bind
iron, inhibiting cell death by quenching the iron-dependent gen-
eration of reactive oxygen radicals (Halliwell and Gutteridge,
1989), it is reasonable to postulate that iron in DM EM/F12 plays
a critical role in neuronal death in the B27-A0 medium. Thus, we
next examined the effect of various iron chelators on neuronal
death under these conditions. EDTA (400 um), CDTA (40 uMm),
and DTPA (8 uMm) protected neurons against toxicity induced in
the B27-A0 medium at culture day 4 (Table 1).
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Figure 2. fAB1-40 but not iAB1-40 protects neurons in the B27-A0
medium. Neurons were treated with fAB1-40 or iAB1-40 24 hr after
plating. Phase-contrast photomicrographs were taken (a), and the cell
viability was determined (b) 48 hr after the commencement of each
treatment. a, p < 0.0001 versus fAB1-40 (5 pM), iIAB1-40 (10 M), and
fAB1-40 (10 um). ¢, Thioflavin-T fluorescence with the conditioned
medium of each cultured neuron treated with fAB1-40 or i1AB1-40 for
3d. b p <0.01 versus iAB1-40. d, Detection of oligomeric Af in fAp and
IAB samples by cross-linking with glutaraldehyde. fAB1-40 or iAB1-40
(2.5 ng) was cross-linked with glutaraldehyde and subjected to a 4-20%
SDS-PAGE. The gel was then visualized by silver staining.

Monomeric AB1-40 protects neurons against iron- and
copper-mediated neuronal toxicity

Because the culture medium, DMEM/F12 supplemented with
B27-A0, contains 1.5 um Fe (1), 124 nm Fe(Ill), and 5.2 nm
Cu(Il), our findings that neuronal death induced in the B27-A0
medium is prevented by antioxidant scavengers, metal chelators,
and transferrin indicate that neurotoxicity is induced by oxygen
radicals generated in an Fe(Il)-mediated manner. Thus, we next
determined whether transition metal ions, such as iron and cop-
per ions, and H,O, exhibit neurotoxicity on cultured neurons, and
whether fAB1-40 has the ability to prevent this toxicity. Twenty-
four hours after plating, neuronal cultures were treated with 1.5
uM CuSOy, 3.0 um FeSO,, 25 um Fe(NO,),, and 30 um H,O, in
the presence or absence of 5 um fAB1-40 in the N2 medium.
After 24 hr incubation, photographs were taken, and the neuronal
viability was determined. As shown in Figure 4, Cu(Il), Fe(II),
Fe(I1I), and H,0O, caused cell death (g, c, ¢, and g, respectively).
fAB1-40 at a concentration of 5 um inhibited cell death caused by
these metals (Fig. 4b,d,f) but did not inhibit cell death caused by
H,0, (Fig. 4h), indicating that protection of neurons by fAB1-40

Zou et al. e Monomeric AB Has an Antioxidant Activity

QO

00

% 80
iy 60 B day 1
Q.S ] day 2
gz 40 [1 day 4

Z®m 20

0

O

00
32 80
v B day 1
5 60
©2 4o day 2
>
Zn 20
0
© S
O
N
Figure 3. Transferrin and antioxidant scavengers inhibit neuronal death

that occurred in the B27-A0 medium. a, SOD (1500 U/ml), catalase
(21,600 U/ml), glutathione (450 pg/ml), vitamin E acetate (1 ug/ml), or
vitamin E (1 pg/ml) was added to neuronal cultures maintained in the
B27-AO medium 4 hr after plating. b, N2 supplements or each component
of N2 supplements, transferrin (100 pg/ml), insulin (5 pg/ml), progester-
one (0.0063 pg/ml), putrescine (16.11 ug/ml), and selenite (0.0052 pg/ml)
was added to neuronal cultures maintained in the B27-A0 medium 4 hr
after plating. Neuronal viability was determined as described in Materials
and Methods at culture days 1, 2, and 4 (@) or 1, 2, and 7 (b).

Table 1. Metal chelators inhibit neuronal death induced in the B27-A0
medium

Chelators Concentration (uM) Viability (% of control)
None 0 0

EDTA 400 60 =3

CDTA 40 99 =4

DTPA 8 93 +7

Primary cortical neurons were cultured in the B27-A0O medium. Four hours after
plating, the cultures were incubated with metal chelators. Cell viability was deter-
mined 48 h after the start of treatment. The data represent means * SE. n = 6 each.
Three independent experiments showed similar results.

is not caused by a direct antioxidant activity but by an indirect
one via interaction with metal 1ons. The quantitative analysis of
these experiments is shown in Figure 4i. We performed addi-
tional experiments to determine the effect of transferrin on neu-
ronal toxicity induced by these metals. We found that 3.8 um
transferrin inhibited 3.0 pum Fe(I1)- and 25 pum Fe(111)-mediated
neurotoxicity, but even 13 uM transferrin did not inhibit 1.5 um
Cu(II)-mediated neurotoxicity (data not shown), supporting the
idea that Fe(IT) but not Cu(II) is responsible for the generation of
oxygen radicals and induces toxicity. This is supported by the fact
that the B27-A0 medium contains 1.5 um Fe(Il), which is suffi-
ciently high to induce cell toxicity, whereas it contains much lower
concentrations of Cu(Il) and Fe(I1I).
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Figure 4. f AB1-40 inhibits neuronal death induced by transition-metal
jons. Neurons were cultured in N2 medium for 24 hr, followed by treat-
ment with 1.5 uM CuSO, (g, b), 3.0 pMm Fe SO, (c, d), 25 uM Fe(NO;),,
(e, f), and 30 um H,O, (g, #), and incubated for another 24 hr; photo-
graphs were taken to determine cell viability. a, ¢, e, and g represent
control cultures, and b, d, f, and & represent neurons treated with fA1-40
(5 M) in addition to metal ions. {, Quantitative analysis of these treat-
ments 24 hr after the commencement of the metal treatment. Open and
closed bars indicate cell viability in the cultures in the absence or presence,
respectively, of fAB1-40 (5 um).

Monomeric AB1-40 inhibits vitamin C-mediated
reduction of Fe(il)

Because reduced metal ions are known to generate oxygen radi-
cals that initiate subsequent reactions of radical productions (Hal-
liwell and Gutteridge, 1984), we determined whether fAB1-40
has any effect on Fe(Ill) reduction. To examine the inhibitory
effect of fAB1-40 on Fe(Il) reduction, a vitamin C-mediated
metal reduction system was used. As shown in Figure 5a,
fAB1-40 inhibited Fe(IIl) reduction mediated by vitamin C. In
addition to fAB1-40, fAB1-42, AB1-16, AB25-35, and a metal
ion chelator, DTPA, also inhibited Fe(ITI) reduction. Because the
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Figure 5. Inhibitory effect of AB peptides on vitamin C-mediated Fe(IIT)
reduction and the aggregation state of AB peptides in PB and DMEM/
F12. a, AP peptides were incubated with Fe(IIT) (25 pum) and PDT (250
uM), followed by the addition of vitamin C (10 M) and subsequent
incubation for 14 hr at 37°C. The effects of freshly dissolved A peptides
(10 uMm) (fAB1-40, fAB1-42, fAB1-16, and fAB25-35, all of which were
dissolved in distilled water to make a stock solution at 200 uM) and DTPA
(10 and 300 uMm) on the reduction of Fe(IIl) were determined. The
amount of reduced iron ions was determined by measuring the absor-
bance at 562 nm. Data represent means = SE; n = 5 replicate wells. p <
0.001 (@) and p < 0.0001 (b) versus control. b, Freshly dissolved Ap1-40
and AB1-42 peptides at 20 uM were incubated for 3 hr at 37°C in 8 mM
sodium phosphate buffer, pH 7.4 (lanes 1, 3), or in DMEM/F12 medium
(lanes 2, 4). The aggregation state of AB1-40 (lanes 1, 2) and AP1-42
(lane 3, 4) was visualized by SDS-PAGE and silver staining after cross-
linking as described in Materials and Methods. Note that AB1-42 aggre-
gated immediately in DMEM/F12 (), but the majority of both peptides,
AB1-40 in both solutions and AB1-42 in PB, remained as a monomer.

action of A is known to depend on the state of aggregation of
the peptides, we next determined the aggregation states of Af
used in this study by cross-linking of peptides with glutaraldehyde
and subsequent silver staining. As shown in Figure 5b, most of
both AB1-40 and AB1-42 incubated in 8 mm sodium phosphate
buffer and AB1-40 incubated in DMEM/F12 for 3 hr were found
to be monomers, whereas fAB1-42 incubated in DM EM/F12 for
3 hr was found to form aggregation (Fig. 5b, *), and the amount
of monomeric AB1-42 was significantly decreased (Fig. 5b).

Generation of superoxides in the B27-A0 medium and
Fe(ll)-induced lipid peroxidation are inhibited by
monomeric Ap1-40

Using HE dye, we examined whether the generation of oxygen
radicals is enhanced in the B27-AO medium and whether this
enhancement is inhibited by fAB1-40. As shown in Figure 6a,
strong signals of oxidized ethidium dye were observed in some
viable neurons with swollen cell bodies (Fig. 6a, arrows) and dead
neurons with shrunken cell bodies (Fig. 6¢), whereas the signals
with ethidium dye in the cultures treated with fAB1-40 (5 um)
were not detected (Fig. 6b). We then examined the effect of
fAB1-40 on Fe(Il)-induced lipid peroxidation in rat brain corti-
ces by investigating the production of 4-HNE-modified proteins,
a product of lipid peroxidation in rat brains, using a monoclonal
antibody against 4-HNE-modified proteins. As shown in Figure
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Figure 6. fAP1-40 inhibits the generation of superoxide and lipid per-

oxidation. Neurons were treated with (a, ¢) or without (b, d) 5 um
fAB1-40 4 hr after plating and were cultured for 48 hr in the B27-AO
medium. The cultures were then incubated with 5 um HE fluorescence (a,
b) for 30 min, and transmissive light micrographs of these cultures were
taken. Note that the increased signal of superoxides was observed in
swollen neurons (arrows) as well as in shrunken neurons in cultures
without fAB (a). e, The effect of AB on the production of lipid peroxi-
dation in rat cerebral cortices in the presence of Fe(Il). Cerebral cortices
were isolated, minced with a cutter, and incubated in PBS in the presence
of 3 and 5 um Fe(1l) with or without fAB1-40 at 10 uM for 4 hr at 37°C.
The fragments were then homogenized in RIPA buffer and centrifuged at
10,000 X g for 10 min at 4°C. The supernatant of the homogenate was
subjected to Western blot analysis using anti-4-HNE aniibody as the
primary antibody.

6e (*), the amount of 4-HNE-modified proteins increased in
brains incubated in PBS in the presence of 3 and 5 pm Fe(1l),
whereas treatment with 10 uM fAB1-40 attenuated this increase.
This result indicates that fAB1-40 prevented lipid peroxidation of
the brain tissues induced by oxygen radicals generated by the
Fenton reaction.

Comparison of effects of various kinds of Af3 species
on neuronal protection

We examined the neuroprotective effect of AB1-42, AB1-16, and
AB25-35, in addition to AB1-40, on cultured cells incubated in
the B27-A0 medium. Treatment of AB1-40 at a concentration of
5 pM inhibited neuronal death at a percentage of 95 £ 5, whereas
AB1-42 at concentrations of 0.01, 0.1, 1, 2, 5, 10, and 20 uM,
AB1-16 at concentrations of 1, 2, 5, 10, 20, and 40, or AB25-35 at
concentrations of 1, 2, 5, 10, 20, and 40 did not prevent neuronal
death 48 hr after the commencement of incubation (Table 2). In
the case of AB1-42, the thioflavin-T value of the culture medium
at the end of treatment significantly increased compared with that
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of the culture medium treated with AB1-40, AB1-16, or AB25~
35, indicating that AB1-42 becomes highly aggregated in a cul-
ture medium. However, because AB1-40, when it remains as a
monomer, has an antioxidant effect in the in vifro assay system
(Fig. 5a), we next performed an experiment to determine whether
monomeric AB1-42 at a concentration of 5 um has a neuropro-
tective effect on neurons. Because Congo red is known to inhibit
oligomerization of A by stabilizing A monomer (Podlisny et
al., 1995, 1998), we used Congo red to maintain AB1-42 as a
monomer. As shown in Table 2, concurrent treatment of 100 uMm
Congo red with 5 um AB1-42 inhibited neuronal death, whereas
treatment with 100 um Congo red alone did not. The thioflavin-T
value of these conditioned media was not determined, because
Congo red affects the thioflavin-T assay system. These data indi-
cate that monomeric AB, regardless of its species, AB1-40 or
AB1-42, rescues neurons.

Effect of tachykinin neuropeptides on monomeric
Ap1-40-mediated neuroprotection

Because a previous study has demonstrated the neurotrophic
effects of AB1-40, which can be reversed by tachykinin neuropep-
tides (Yankner et al., 1990), we further examined whether the
neuroprotective effect of monomeric AB1-40 is inhibited by
tachykinin neuropeptides. In our culture system, takykinine neu-
ropeptides such as substance P, physalaemin, eledoisin, neuroki-
nin A, and neurokinin B at 1, 2, 5, 10, and 20 puM did not inhibit
neuronal death. Moreover, substance P and physalaemin did not
inhibit the neuroprotective effect of AB1-40 (Table 3). These
results indicate that the mechanism underlying the neurotrophic
effects of AB1-40 is different from that underlying the antioxi-
dant functions of monomeric AB.

DISCUSSION
In this study, we demonstrated a novel function of monomeric
AB1-40 as an antioxidant molecule on cultured neurons. Mono-
meric AB1-40 exhibits a neuroprotective effect on neurons by
quenching transition metal-mediated oxygen radical generation;
however, oligomeric AB1-40 loses its neuroprotective activity.
Monomeric AB1-42 also exhibits a neuroprotective effect; how-
ever, when monomeric AB1-42 is incubated in the culture me-
dium, it rapidly aggregates and exhibits neurotoxicity, whereas
monomeric AB1-40 remains as a monomer under the same
conditions and protects neurons. These findings indicate a novel
concept that the biological action of AB is dualistic. AB, as a
monomer, functions as an antioxidant molecule, preventing the
generation of oxygen radicals, whereas oligomerized or aggre-
gated AB not only loses its antioxidant activity but also contrib-
utes to the generation of oxygen radicals (Kay, 1997; Monji et al.,
2001a,b), disrupts lipid homeostasis (Michikawa et al., 2001;
Gong et al., 2002), and eventually exhibits neurotoxicity (Mattson
et al., 1993; Pike et al., 1993; Lorenzo and Yankner, 1994).
Neuronal death induced in the B27-A0 medium is inhibited by
the addition of radical scavengers, indicating that neuronal toxic-
ity is caused by oxygen radicals. The B27-A0O medium contains
1.5 pM Fe(II), 124 nm Fe(I1I), and 5.2 nm Cu(11), and redox-active
transition metals such as iron and copper are known to stimulate
oxygen radical chain reactions (Halliwell and Gutteridge, 1984).
Because 1.5 um or higher concentrations of Fe(II) and Cu(ll)
induce neuronal death in culture [our unpublished data and
previous reports (White et al., 1999; Wang and Cynader, 2001)],
Fe(1T) is most likely responsible for inducing neurotoxicity by
generating oxygen radicals in the B27-A0 medium. Furthermore,
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Table 2. Effect of various kinds of AS peptides on neuronal viability in the B27-AO medium

Peptides Concentration AB (uM) Viability (% of control) Thioflavin-T arbitrary unit (AB, 5 uM)
None 0 0

AB1-40 5 95 £ 5 0.11 = 0.12

Ap1-42 0.01,0.1,1, 2,5, 10,20 0.51 = 0.12%

Ap1-16 1,2,5, 10, 20, 40 0.02 = 0.01

AP25-35 1,2,5, 10, 20, 40 0.02 = 0.04

Ap40-1 1,2,5,10, 20, 40 0 ND

Ap1-42 + CR (100 pum) 5 6 * 4 ND

CR (100 pm) 0 0 ND

Primary cortical neurons were cultured in the B27-A0 medium. Four hours after plating the cultures were incubated with various kinds of AS peptides. In the case of Congo
red (CR) treatment, the cultures were incubated with CR (100 um), with or without AB1-42 (5 um). Cell viability was determined 48 hr after the start of treatment. The data
represent means + SE. n = 6 each. Three independent experiments showed similar results. *p < 0.0001 versus AB1-40, AB1~16, and AB25-35. ND, Not determined.

Table 3. Effect of substance P and physalaemin on the neuroprotective
effect of monomeric AB1-40 in the B27-A0 medium

Viability
Treatment (% of control)
None 0
AB1-40 (10 pm) 95 + 5
AB1-40 (10 pum) + substance P (20 pm) 101 = 12
AB1-40 (10 uM) + physalaemin (20 uM) 94+ 6

Substance P (1, 2, 5, 10, 20 uM) 0
Physalaemin (1, 2, 5, 10, 20 uMm)
Eledoisin (1, 2, 5, 10, 20 uM)
Neurokinin A (1, 2, 5, 10, 20 um)
Neurokinin B (1, 2, 5, 10, 20 um)

oo oo

Primary cortical neurons were cultured in the B27-A0O medium. Four hours after
plating the cultures were incubated with 10 um freshly dissclved AB1-40 in the
presence or absence of substance P (20 um) or physalaemin (20 pum). The cultures
were also treated with substance P, physalaemin, eledoisin, neurokinin A, and
ncurokinin B at various concentrations. Cell viability was determined 48 hr after the
start of treatment. The data represent means * SE. n = 6 each.

the facts that transferrin successively protects neurons in the
B27-AO medium (Fig. 3b) and inhibits Fe(lI)-mediated neuronal
death in N2 medium, whereas it does not prevent Cu(II)-induced
neuronal death (data not shown), strongly support this notion.
Thus, it is possible that fAB1-40 protects neurons from oxygen
radicals generated in an Fe(II)-mediated manner.

Antioxidant actions include a direct antioxidant action such as
that of scavengers and indirect actions including the quenching
metal ions to inhibit secondary generation of free radicals. The
neuroprotective activity of monomeric AB1-40 includes an in-
hibitory effect on the generation of superoxides in cultured neu-
rons and lipid peroxidation in brains (Fig. 6). Furthermore, the
direct inhibitory effects of monomeric AB1-40 on metal reduc-
tion induced by vitamin C are also demonstrated (Fig. 5). These
findings, together with the result showing that monomeric
AB1-40 does not serve as a radical scavenger (Fig. 4), indicate
that the neuroprotective activity of Ap1-40 is not caused by a
direct antioxidant effect but rather by an indirect effect of this
peptide, probably the sequestration of metal ions leading to the
quenching of the secondary generation of oxygen radicals as other
metal-binding proteins do (Halliwell and Gutteridge, 1989).

Free-radical involvement in AD pathogenesis is a well estab-
lished hypothesis (Lovell et al., 1998a; Markesbery and Lovell,
1998). AB is widely believed to serve as a neurotoxic molecule by
producing oxygen radicals leading to cell dysfunction and death
(Behl et al,, 1994; Hensley et al., 1994). The oxygen radicals

generated by the interaction of AB with redox-active metal ions
are suggested to be the possible source of A neurotoxicity, which
is suppressed by the redox-inactive form of zinc or metal ion
chelators (Huang et al., 1999a,b; Cuajungco et al., 2000a). These
lines of evidence seem to contradict our present results that
monomeric AB1-40 is a potent antioxidant molecule. This dis-
crepancy can be explained by the notion that the action of A is
aggregation state-dependent. We show that monomeric AB1-40
protects neurons from metal-induced neurotoxicity, whereas
1Ap1-40 contains fewer A monomers but more oligomers (Fig.
2d), which could be the reason for the loss of its neuroprotective
ability. This is also the case for AB1-42, because we have found
that AB1-42, remaining as a monomer in PB, inhibits the reduc-
tion of Fe(IIl) caused by vitamin C as does AB1-40 (Fig. 5a),
indicating that monomeric AB1-42 also functions as an antioxi-
dant molecule. In addition, the finding that AB1-42, when it is
maintained as a monomer by coincubation with Congo red in
DMEM/F12 medium, exhibits neuroprotective activity (Table 2)
strongly supports this notion. However, when fAB1-42 is incu-
bated in DMEM/F12 medium that contains salt, it aggregates
rapidly (Fig. 5b, Table 2) and exhibits neurotoxicity (Fig. le,
Table 2), whereas fAB1-40 remaining as a monomer under the
same conditions protects neurons (Figs. le, 5b). Thus, under
physiological conditions, AB1-42, a highly amyloidogenic pep-
tide, rapidly aggregates, loses its neuroprotective activity, gener-
ates free radicals, and subsequently exhibits neurotoxicity (Pike et
al., 1993; Lorenzo and Yankner, 1994; Roher et al,, 1996; Kay,
1997; Huang et al., 1999b; Cuajungco et al., 2000b; Monji et al,,
2001a,b). These lines of evidence suggest that it may not the
differences in Af species, AB1-40 or AB1-42, but those in the
state of aggregation, monomers, or other states of aggregation
such as oligomers or fibrils, that determine whether the action of
AR is either neuroprotective or neurotoxic.

Another possible explanation for the discrepancy between the
effect of AB1-40 and that of AB1-42 on neuronal survival may be
that at low iron/Af binding ratios, iron is captured by AB and
sequestered from inducing oxygen radical generation, but at higher
iron/A ratios, the interaction of AB and iron promotes oxygen
radical generation (Huang et al.,, 1999a). Because AB1-42 is sug-
gested to bind iron with greater affinity than AB1-40 (Atwood
et al., 2000), it may be possible to postulate that AB1-42 may
acquire gain of adverse action at lower concentrations than
ApB1-40.

One may say that because a previous study has demonstrated
that aggregated A3 does not lose the stoichiometry of copper
binding (Atwood et al., 2000), an increased amount of oligomer-
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ized AB may undergo oxidization, reduce metal ions, and serve as
an oxygen radical generator (Huang et al., 1999a), leading to
neuronal death. Actually, at present we have no evidence indi-
cating that oligomeric Af has lesser binding affinity to iron than
monomeric AB. This may be the case for AB1-42, because
AB1-42 that rapidly aggregates in the culture medium not only
loses its neuroprotective activity but also exhibits neurotoxicity
(Fig. 1e); however, this may not be the case for AB1-40. Our
findings that 5 um iAB1-40 loses its neuroprotective effect on
neurons, whereas 10 um iAB1-40 protects neurons (Fig. 2b), do
not favor the idea that the loss of neuroprotective function is
caused by oxidized oligomeric AB but favor the notion that
monomeric but not oligomeric AB1-40 can serve as an antioxi-
dant molecule.

The last question to be addressed is that the neuroprotective
effects of monomeric AB1-40 shown in our present study are the
same as the previously reported neurotrophic effects of AB1-40,
which can be reversed by tachykinin neuropeptides (Yankner et
al., 1990). However, monomeric AB1-40 has a neuroprotective
effect even on mature neurons at high concentrations, whereas
takykinin neuropeptides including substance P and physalaemin
at 10 and 20 pm did not inhibit neuronal death in our culture
system. Moreover, substance P and physalaemin did not reverse
the neuroprotective effect of AB1-40 (Table 3), indicating that
the mechanism underlying the neurotrophic effects of AB1-40 is
different from that underlying the antioxidant functions of mo-
nomeric AB.

The notion that monomeric AB1-40 functions as an antioxi-
dant is supported by previous studies showing that the surround-
ing regions of A deposits in the brains of patients with AD and
Down’s syndrome have no damage (Nunomura et al., 2000, 2001)
and that the inverse correlation is found between A burden and
levels of oxidized nucleic acids in AD brain (Cuajungco et al,,
2000b). Interestingly, a recent report suggests that brain oxidative
damage occurs before AB accumulation in the brains of a model
mouse of AD amyloidosis (Pratico et al., 2001). Previous reports
have shown that Ap1-42 accumulates with aging, whereas
AB1-40 does not but accumutates in AD brains (Funato et al,,
1998), and that oxidative stress promotes amyloidogenesis (Mi-
sonou et al., 2000). These lines of evidence may allow us to
assume that oxygen radicals generated in an age-dependent man-
ner enhance generation of AB, which may protect neurons from
oxygen radical toxicity generated by metal-dependent chain reac-
tions. However, with the increasing amount of AS serving as an
antioxidant, A aggregates with longer incubation periods in
extracellular local fluid and, in turn, exhibits neurotoxicity.

On the basis of our findings, we envisage that A may serve
dual actions both by being involved in mechanisms attempting to
quench oxidative stress and neurotoxicity probably by sequestrat-
ing metal ions when AS is in a monomeric state and by exhibiting
neurotoxicity when A is highly oligomerized and aggregated by
generating oxygen radicals in a metal-mediated manner. Hence,
although the toxic actions of AB have been exaggerated to date,
our observations may provide a new insight into the strategies for
development of AD therapy that not only reduction of the
amount of AB but also inhibition of AB aggregation could be the
pivotal target for AD therapy.
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Brucella abortus is a facultative intracellular bacterium capable of surviving inside macrophages. Intracel-
lular replication of B. abortus requires the VirB complex, which is highly similar to conjugative DNA transfer
systems. In this study, we show that plasma membrane cholesterol of macrophages is required for the
VirB-dependent internalization of B. abortus and also contributes to the establishment of bacterial infection in
mice. The internalization of B. aborfus was accelerated by treating macrophages with acetylated low-density
lipoprotein (acLDL). Treatment of acyl coenzyme A:cholesterol acyltransferase inhibitor, HL-004, to macro-
phages preloaded with acLDL accelerated the internalization of B. abortus. Ketoconazole, which inhibits
cholesterol transport from lysosomes to the cell surface, inhibited the internalization and intracellular repli-
cation of B. abortus in macrophages. The Niemann-Pick C1 gene (NPC1), the gene for Niemann-Pick type C
disease, characterized by an accumulation of cholesterol in most tissues, promoted B. abortus infection.
NPCl-deficient mice were resistant to the bacterial infection. Molecules associated with cholesterol-rich
microdomains, “lipid rafts,” accumulate in intracellular vesicles of macrophages isolated from NPC1-deficient
mice, and the macrophages yielded no intracellular replication of B. abortus. Thus, trafficking of cholesterol-

associated microdomains controlled by NPC1 is critical for the establishment of B. abortus infection.

Brucella species are facultative intracellular pathogens that
survive in a variety of cells, including macrophages, and their
virulence and chronic infections are thought to be due to their
ability to avold the killing mechanisms within macrophages (1).
The molecular mechanisms of their virulence and chronic in-
fections are incompletely understood. Recent studies with
Hel.a cells have confirmed these observations, showing that
Brucella inhibits phagosome-lysosome fusion and transits
through an intracellular compartment that resembles autopha-
gosomes. Bacteria replicate in a different compartment, con-
taining protein markers normally associated with the endoplas-
mic reticulum, as shown by confocal microscopy and
immunogold electron microscopy (5, 24). Brucella internalizes
into macrophages by swimming on the cell surface, with gen-
eralized membrane ruffling for several minutes, after which the
bacteria are enclosed by macropinosomes (33). “Lipid raft”-
associated molecules, such as glycosylphosphatidylinositol
(GPI)-anchored proteins, GM1 gangliosides, and cholesterol,
have been selectively incorporated into macropinosomes con-
taining Brucella abortus. The disruption of lipid rafts on mac-
rophages markedly inhibits the VirB-dependent macropinocy-
tosis and intracellular replication (33). These results indicated
that replicative phagosome formation of B. abortus is modu-
lated by lipid raft microdomains.

The operon coding for export mechanisms specializing in
transferring a variety of multimolecular complexes across the

* Corresponding author. Mailing address: Department of Veteri-
nary Microbiology, Obihiro University of Agriculture and Veterinary
Medicine Inada-cho, Obihiro-shi, Hokkaido 080-8555, Japan. Phone:
81-155-49-5387. Fax: 81-155-49-5386. E-mail: watarai@obihiro.ac.jp.

bacterial membrane to the extracellular space or into other
cells has been described previously (27). These complexes,
named type IV secretion systems, are in B. abortus (virB genes)
(27). This operon comprises 13 open reading frames that share
a homology with other bacterial type IV secretion systems
involved in the intracellular trafficking of pathogens. Type IV
secretion systems export four types of substrates: (i) DNA
conjugation intermediates; (ii) the multisubunit pertussis tox-
in; (iii) monomeric proteins, including primase, RecA, and the
Agrobacterium tumefaciens VirE2 and VirF proteins; (iv) and
the Helicobacter pylori CagA protein (4). The RalF protein has
been identified as a substrate of the type IV secretion system of
Legionella pneumophila (20). However, substrates of the VirB
secretion system of B. aborfus and the target of the secretion
system in host cells is still unclear.

In this study, we investigated the roles of plasma membrane
cholestero] in internalization by the VirB system and the es-
tablishment of B. abortus infection in mice. Plasma membrane
cholesterol associates with lipid raft microdomains. Lipid raft
microdomains were originally reported by Simons and van
Meer to explain sphingolipid-based sorting properties in cel-
lular membranes (28) and were later proposed to explain cho-
lesterol-based microheterogeneities in the membrane. Plasma
membrane cholesterol and intracellular cholesterol trafficking
was therefore expected to contribute to internalization and
intracellular replication of B. abortus in macrophages, because
recent evidence indicates that cholesterol sequestration from
macrophages inhibits the internalization and intracellular rep-
lication of B. abortus (21, 33). Our results show that the plasma
membrane cholesterol not only influences the bacterial inter-
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nalization and intracellular replication, but also contributes to
the establishment of B. abortus infection.

MATERIALS AND METHODS

Bacterial strains and mice. All B. abortus derivatives were from 544 (ATCC
23448) smooth virulent B. abortus biovar 1 strains. Ba598 (544 AvirB4) has been
described previously (32). Plasmid pMAW114, which encodes green fluorescence
protein (GFP), was constructed by cloning the BamHI-Bgl/II fragment from the
pQBI63 (GFP expression vector; TAKARA, Tokyo, Japan) into BamHI- and
Bgill-cleaved pBBRIMCS-2. pMAW114 (GFP™) was introduceéd into 544 (wild
type) and Ba598 (AvirB4), and the derivatives were designated Ba600 (wild-type
GFP*) and Ba604 (AvirB4 GFP™), respectively (33).

BALB/c mice carrying the genetic mutation for NPC1 were obtained from The
Jackson Laboratory (Bar Harbor, Maine) (25).

Cell culture. Bone marrow-derived macrophages from female BALB/c mice
were prepared as described previously (32). The macrophages were seeded (2 X
10° to 3 X 10° in each well) in 24-well tissue culture plates for all assays.
Macrophages were preloaded with or without acetylated low-density lipoprotein
(acLDL) (50 wg/ml) and were treated with or without ketoconazole (10 mg/ml)
or acyl coenzyme A:cholesterol acyltransferase (ACAT) inhibitor HL-004 (4
wg/ml; Taisho Pharmaceutical Co.) for 24 h (19).

Detection of intracellular bacteria by fluorescence microscopy. B. abortus
strains were grown to an Agg of 3.2 in brucella broth and were used to infect
mouse bone marrow-derived macrophages for various periods at an indicated
multiplicity of infection (MOI). Bacteria were deposited onto the macrophages
by centrifugation at 150 X g for 5 min at room temperature. After 0-, 5-, 15-, 25-,
and 35-min incubations at 37°C, infected macrophages were washed once with
medium and were fixed in periodate-lysine-paraformaldehyde (16) containing
5% sucrose for 1 h at 37°C. The samples were washed three times in phosphate-
buffered saline (PBS) and wells were successively incubated three times for 5 min
in blocking buffer (2% goat serum in PBS) at room temperature. The samples
were stained with anti-B. abortus polyclonal rabbit serum diluted 1:1,000 in
blocking buffer to identify extracellular bacteria. After incubating for 1 h at 37°C,
the samples were washed three times for 5 min with blocking buffer, were stained
with Cascade blue-conjugated goat anti-rabbit immunoglobulin G diluted 1:500
in blocking buffer, and were incubated for 1 h at 37°C. The samples were washed
three times and were mounted in mounting medium. One hundred macrophages
were examined per coverslip to determine the total number of intracellular
bacteria.

Determination of efficiency of intracellular growth of bacteria. Bacteria were
deposited onto macrophages at an MOI of 5 by centrifugation at 150 X g for 5
min at room temperature and then were incubated at 37°C in 5% CO, for 1 h.
Then the macrophages were washed once with RPMI medium and were incu-
bated with 30 pg/ml gentamicin. At different time points, the cells were washed
and lysed with distilled water, and the number of bacteria on plates of a suitable
dilution was determined.

Virulence in mice. The virulence was determined by quantitating the survival
of the strains in the spleen after 10 days. Mice were injected intraperitoneally
with approximately 10* CFU of brucellae in 0.1 m! of saline. Groups of five mice
were injected with each strain. At 10 days after infection, their spleen was
removed, weighed, and homogenized in saline. Tissue homogenates were serially
diluted with PBS and were plated on Brucella agar to count the number of CFU
in each spleen.

LAMP-1 staining. Infected macrophages were fixed in periodate-lysine-para-
formaldehyde-sucrose for 1 h at 37°C and stained for extracellular bacteria as
described above. All antibody-probing steps were carried out for 1 h at 37°C.
Samples were washed three times in PBS for 5 min and then permeabilized at
—20°C in methanol for 10 s. After incubating three times for 5 min with blocking
buffer, samples were stained with anti-LAMP-1 rat monoclonal antibody 1D4B
diluted 1:100 in blocking buffer (30). After washing three times for 5 min in
blocking buffer, samples were stained simultaneously with Texas red-conjugated
goat anti-rat immunoglobulin G. Samples were placed in mounting medium and
visualized by fluorescence microscopy. Intracellular bacteria were detected by
GFP fluorescence and absence of staining with Cascade blue.

Fluorescence labeling of lipid raft-associated molecules. Detection of the
localization of GM1 gangliosides with cholera toxin B subunit (CTB) (10 pg/ml),
GPI-anchored protein with aerolysin (2.5 wg/ml), and cholesterol with filipin (50
mg/ml) was described previously (33).

RESULTS

Acceleration of bacterial internalization by preloading cho-
lesterol into macrophages. A prominent biological property of
acLDL is its ability to induce lipid loading of macrophages in
culture, which has been a useful model of the formation of
lipid-laden macrophages (Fig. 1) (18, 19, 25). To investigate if
intracellular cholesterol affects B. abortus internalization into
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FIG. 2. Internalization of B. abortus accelerated by acLDL. Ba600 (wild type) (A) or Ba604 (AvirB4) (B) was deposited onto bone marrow-
derived macrophages with (white bars) or without (black bars) acLDL treatment and incubated at 37°C for the periods of time indicated. One
hundred macrophages were examined per coverslip. Data are the average of triplicate samples from three identical experiments, and the error bars

represent the standard deviation.

macrophages, bacteria were deposited onto macrophages that
were preloaded with acLDL, and intracellular bacteria were
quantitated microscopically at various times of incubation. The
bacteria were deposited onto macrophages by centrifugation,
and then Ba604 (AvirB4) was rapidly internalized, with most of
the associated bacteria internalized before further incubation
at 37°C. In contrast, internalization of Ba600 (wild-type) was
delayed and attained the same levels of internalization as
Ba604 (AvirB4) only after 25 min of incubation (33). Internal-
ization of Ba600 (wild-type) accelerated by preloading with
acLDL into macrophages, but internalization of Ba604
(AvirB4) was not affected (Fig. 2). The percentage of bacteria
in macropinosomes did not differ between macrophages
treated with and without acLDL (data not shown).

Effects of agents that modulate cholesterol trafficking on
bacterial internalization and intracellular replication. Macro-
phages take up modified lipoproteins by receptor-mediated
endocytosis, and then the lipoproteins are delivered to lyso-
somes for degradation. This cholesterol is believed to mix with
the bulk of cholesterol in the plasma membrane. Excess plasma
membrane cholesterol then enters the cytoplasm, where the
cholesterol is reesterified by ACAT and is stored in cellular
lipid droplets (Fig. 1) (19). To investigate if intraceltular cho-
lesterol trafficking affects B. abortus internalization into mac-
rophages, bacteria were deposited onto macrophages that were
pretreated with ACAT inhibitor HL-004, and intracellular bac-
teria were quantitated microscopically at various times of in-
cubation. HI.-004 treatment accelerated the internalization of
Ba600 (wild-type) into macrophages preloaded with acLDL
(Fig. 3B). Under the same conditions, HL-004 did not accel-
erate the internalization of Ba604 (AvirB4) (Fig. 3C and D).
Macropinosome formation of Ba600 (wild-type) was also en-
hanced by HL-004 treatment, but the percentage of bacteria in
macropinosomes did not differ (data not shown). These results
suggest that intracellular cholesterol transport would contrib-
ute to VirB-dependent internalization and macropinocytosis of
B. abortus.

To confirm that plasma membrane cholesterol contributes
to B. abortus internalization, we tested the effect of ketocon-
azole, which inhibits cholesterol transport from lysosomes to

the cell surface (Fig. 1). Ketoconazole greatly diminished the
internalization of Ba600 (wild-type) into macrophages pre-
loaded with or without acLDL (Fig. 3A and B), but under the
same conditions, it did not block the internalization of Ba604
(AvirB4) (Fig. 3C and D).

To determine whether intracellular cholesterol trafficking
has a role in bacterial replication in macrophages, macro-
phages were treated with acLDL, ketoconazole, or HL-004 and
then were infected with Ba600 (wild type). As reported previ-
ously (32, 33), Ba600 (wild-type) replicated in macrophages
without ketoconazole treatment, but Ba600 (wild-type) failed
to replicate in macrophages treated with ketoconazole (Fig.
3E). Although 12% = 2.0% of internalized Ba600 (wild type)
was observed under ketoconazole treatment (mean * standard
deviation) (Fig. 3A and B), the internalized bacteria did not
replicate in the macrophages. Intracellular replication was not
affected by acLDL and HL-004 (Fig. 3E). We consistently
found that approximately 15% of internalized Ba600 (wild-
type) into untreated macrophages target improperly into a
LAMP-1 positive compartment (32, 33). These results suggest
that other uptake pathways of B. abortus by macrophages exist,
but replicative phagosome formation requires the uptake path-
way associated with plasma membrane cholesterol.

Role of cholesterol trafficking in establishment of B. abortus
infection. The most prominent cellular feature of Niemann-
Pick type C (NPC) disease is lysosomal accumulation of free
cholesterol, caused by impaired relocation of cholesterol de-
rived from LDL from the lysosome to.other cellular sites, such
as the plasma membrane and endoplasmic reticulum (Fig. 1)
(23). To investigate if NPC1 contributes to the recruitment of
lipid raft-associated molecules, fluorescence-labeled lipid raft-
associated molecules, such as cholesterol, GM1 gangliosides,
and GPIl-anchored proteins, were observed by microscopy.
These molecules were in the plasma membrane and intracel-
lular vesicles of macrophages from wild-type mice (Fig. 4). In
contrast, these molecules accumulated only in intracellular ves-
icles in macrophages from NPC1-deficient mice (Fig. 4). Lo-
calization of the transmembrane protein CD44, which is not
associated with lipid rafts, was not affected by NPC1 (Fig. 4).
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FIG. 3. Internalization of B. abortus into macrophages was influenced by plasma membrane cholesterol. Ba600 (wild-type) (A and B) or Ba604
(AvirB4) (C and D) was deposited onto bone marrow-derived macrophages with ketoconazole (white bars) or with ACAT inhibitor HL-004 (gray
bars), or without drug treatment (black bars) in the presence (B and D) or absence (A and C) of acL.LDL and incubated at 37°C for the periods
of time indicated. One hundred macrophages were examined per coverslip. Data are the average of triplicate samples from three identical
experiments, and the error bars represent the standard deviation. (E) Ketoconazole inhibited intracellular replication of B. abortus in macrophages.
Macrophages in the presence or absence of ketoconazole, ACAT inhibitor HL-004, or acLDL were infected with Ba600 (wild type) as described
in Materials and Methods. Data points and error bars represent the mean CFU of triplicate samples from a typical experiment {performed at least
four times) and their standard deviation, respectively.
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These results suggest that NPC1 influences lipid raft formation
on the macrophage surface.

We next investigated if NPC1 contributes to the internaliza-
tion and intracellular replication of B. abortus. B. abortus was
infected to bone marrow derived-macrophages from wild-type
or NPC1-deficient BALB/c mice, and the intracellular bacteria
were quantitated microscopically at various periods of incuba-
tion. Macrophages from wild-type mice supported internaliza-
tion and intracellular replication of Ba600 (wild-type), but not
macrophages from NPC1-deficient mice (Fig. SA). Fewer bac-
teria were internalized in macrophages from NPCl1-deficient
mice, but they did not replicate in the macrophages (Fig. 5C).
Macrophages from wild-type and NPC1-deficient mice showed
no- significant difference in the internalization of Ba604
(AvirB4) (Fig. 5B). In NPC1-deficient mice, Ba600 (wild-type)
failed to block phagosome maturation, as shown by colocaliza-
tion of phagosomes containing the bacteria and the late endo-
cytic marker, LAMP-1, at 1 h after infection (82.8% = 3.4%
positive) (Fig. 6B and D). In contrast, Ba600 (wild-type) pre-
vented phagosome-lysosome fusion, and therefore phago-
somes containing Ba600 (wild-type) do not have endocytic and
Iysosomal marker proteins in macrophages from wild-type
mice (Fig. 6A and C). These results suggest that replicative
phagosome formation required uptake pathway associated
with NPC1.

To find if this defect in internalization and intracellular
replication of B. abortus correlates with an inability to establish
infection in the host, we experimentally infected wild-type or
NPC1-deficient mice with B. abortus. Many bacteria were re-
covered from the spleen of wild-type mice infected with Ba600
(wild type) at 10 days after infection, but fewer bacteria were
recovered from NPC1-deficient mice, based on the number of
CFU in each spleen (Fig. 5D). These results indicated that B.
abortus proliferation was promoted by NPC1.

BISCUSSION

In this study we showed that internalization and intraceflular
replication of B. abortus in mouse macrophages are influenced
by plasma membrane cholesterol and that intraceliular choles-
terol trafficking is essential to establish B. abortus infection in
the mouse model. These events were dependent on the pres-
ence of the VirB system. Studies of the cellular trafficking of
cholesterol derived from the metabolism of LDL showed that
after hydrolysis of LDL cholesteryl ester in lysosomes, most
LDL-derived cholesterol traffics to the plasma membrane (14).
The internalization of B. abortus into macrophages was accel-
erated by preloading with acLDL, indicating that the choles-
terol on the plasma membrane of macrophages contributes to
the internalization of B. abortus. To confirm this possibility, we
used two inhibitors of intracellular cholesterol trafficking, HL-
004 and ketoconazole. As HL-004 is a specific ACAT inhibitor
(18), alterations in cholesterol metabolism by HL-004 can be
attributed to the intracellular ACAT inhibition in macro-
phages (19). Macrophages incorporate modified LDL via scav-
enger receptors, which is not down-regulated by cellular sterol
levels (8). The incorporated cholesteryl ester is delivered to
lysosomes, and is hydrolyzed to free cholesterol, which forms
the intracelular free cholesterol pool. Excess free cholesterol
is esterified by ACAT and the cholesteryl ester is stored in
cytoplasmic inclusions. This cholesteryl ester is the substrate
for neutral cholesteryl ester hydrolase. Thus, a cholesteryl ester
cycle of de-esterification exists because of the hydrolase and
reesterification by ACAT. Free cholesterol can move between
intracellular pools and the plasma membrane (3). Internaliza- .
tion and intracellular replication of B. abortus in macrophages
were modulated by cholesterol-rich microdomains, so-called
lipid rafts, on plasma membrane surfaces (33). As the choles-
terol microdomains are induced in macrophages when esteri-



Vou. 70, 2002

80
A B wild-type
- [CINPC1i-deficient
= 60—
<
(=}
=
8w
M 40+
£
==
8
@
a 20
@
o0
D -
0 5 15 25 35
Incubation time (min)
106
C ~—ag— Wild-type
105 —e— NPCi-deficient
104
o
i
% 103
o
102
101+ %
1 T T 1
2 24 48

incubation time (h)

CHOLESTEROL IN BRUCELLA INFECTION 4823

B i wild-type
[CINPCi-deficient
hg
2 gp-
(=1
(=)
S
a
L0
JI 40
Ea
==
g
@ i
5 20
©Q
m
o -
0 85 15 25 35
Incubation time (min)
10 D 300 -
250 -

T
Spleen weight (mg)

N
g

WT NPC1-

WT NPCi-

FIG. 5. NPCl-influenced B. abortus infection. (A and B) Internalization of B. abortus. Macrophages from wild-type (black bars) or NPCl-
deficient (white bars) mice were infected with virulent Ba600 (wild type) (A) or Ba604 (AvirB4) (B) for the periods of time indicated. Data are
the average of triplicate samples from three identical experiments, and the error bars represent the standard deviation. (C) Intracellular replication
of B. abortus. Macrophages from wild-type or NPC1-deficient mice were infected with Ba600 (wild type). Data points and error bars represent the
mean CFU of triplicate samples from a typical experiment (performed at least four times) and their standard deviation, respectively. (D) Pro-
liferation in mice. Wild-type (black bar) or NPCl-deficient (white bars) mice were infected with virulent B. abortus. Recovery of viable bacteria
from the spleen and the weights of spleens of infected mice at 10 days postinfection are shown. Error bars indicate standard deviations.

fication of excess LDL-derived cholesterol is blocked with
ACAT inhibitor (10), the internalization of B. abortus by up-
take pathway associated with lipid rafts into macrophages in-
creased by ACAT inhibitor treatment. In contrast, ketocon-
azole treatment greatly diminished the internalization of B.
abortus into macrophages. Ketoconazole interferes with traf-
ficking of cholesterol from lysosomes to the plasma membrane
(12). As the appearance of cholesterol microdomains can be
inhibited by ketoconazole (10), the internalization of B. abortus
by uptake pathway associated with lipid rafts into macrophages
decreases upon ketoconazole treatment. These results suggest
that the plasma membrane cholesterol should influence the
internalization of B. abortus. Fewer B. abortus cells were inter-
nalized into macrophages treated with ketoconazole, but the

internalized bacteria did not replicate, suggesting that replica-
tive phagosome formation would require correct intracellular
cholesterol trafficking and plasma membrane cholesterol.

To confirm this hypothesis, macrophages from NPCI-defi-
cient mice were infected with B. abortus. The gene that causes
NPC disease, referred to as NPCI, has been mapped to a
region of chromosome 18 in both humans and mice and has
been cloned (15). Although the function of NPC1 remains
undefined, studies have shown a crucial role for this protein in
cholesterol metabolism (13). NPC1-deficient mice share many
of the pathophysiological abnormalities observed in patients
with NPC, including accumulation of cholesterol in tissues
(15). Our results showed that lipid raft-associated molecules
accumulate in intracellular vesicles in macrophages from
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FIG. 6. Colocalization of B. abortus with late endosomal and lyso-
somal marker LAMP-1 in macrophages from NPCI-deficient mice by
immunofluorescence microscopy. Macrophages from wild-type mice
(A and C) or NPCl-deficient mice (B and D) were infected with Ba600
(wild type) for 1 h, fixed, and stained for LAMP-1 colocalization (A
and B) and intracellular bacteria (C and D). Arrows point to bacteria.

NPCl-deficient mice. NPC1 is recruited to the site of free
cholesterol accumulation by enrichment of cellular cholesterol
or by pharmacological intervention of cholesterol egress from
the lysosomes (34). Intracellular trafficking of GM1 ganglio-
side in NPCl-deficient Chinese hamster ovary cells has been
shown by using CTB as a probe (29). CTB-labeled vesicles
contain the early endosome marker Rab5 but not LAMP-2,
indicating that they represent early endosomes. Similarly, CTB
accumulate in intracellular vesicles of human NPC fibroblasts
that contain both Rab5 and early endosomal antigen 1 (29).
Presumably, these results, together with our results, indicate
that cholesterol or GM1 ganglioside accumulate in lysosomes
or early endosomes in macrophages from NPCl1-deficient
mice. Therefore, the internalization of B. abortus by uptake
pathway associated with lipid rafts was inhibited in macro-
phages from NPCl-deficient mice.

The role of mouse macrophages in mediating resistance or
susceptibility among mouse strains to some intracellular patho-
gens has been shown by studies of the Ity/Lsh/Bcg resistance
model; resistance to Salmonella enterica serovar Typhimurium,
Leishmania donovani, and mycobacterial species is regulated
by the polymorphism of the Nrampl gene that controls mac-
rophage function (6). Bovine Nrampl is a major candidate for
controlling the in vivo resistant phenotype against B. abortus
infection (2). Our results indicate that NPC1 promotes the
internalization and intracellular replication of B. abortus and
also contributes to bacterial proliferation in mice. However,
control of B. abortus infections is a multigenic trait (9), and
further investigation is needed to clarify the genetic control of
B. abortus infection.

Cholesterol or GPI-anchored proteins is included in apicom-
plexan Toxoplasma gondii and Plasmodium falciparum vacuoles
(11, 17). Cholesterol is essential for the uptake of Mycobacte-
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rium bovis by macrophages (7). Cholesterol accumulates at the
site of M. bovis entry, depleting plasma membrane cholesterol
specifically inhibits M. bovis uptake, and M. bovis has a high
binding capacity for cholesterol (7). Macropinosomes harbor-
ing L. pneumophila also include lipid raft-associated macro-
molecules (31). A similar process of selective lipid recruitment
has been described during human immunodeficiency virus or
influenza virus budding from mammalian cells (22, 26). Since
lipid rafts are thought to be involved in signaling pathways in
immune cells, uptake processes associated with lipid rafts
might lead microorganisms into compartments that avoid fu-
sion with the lysosomal network, and that is essential for the
establishment of infection. The results of this study will provide
a new target of prevention against infection by intracellular
pathogens.
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