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transfection reagent (Qiagen). After the mixture had been
allowed to stand at room temperature for 15 min, it was
added to the cells in 3 ml of OptiMEM containing 3%
FBS and the cells were further cultured for 3 h. The cells
were then washed twice with MEM, and cultured for
24 h in MEM containing cytosine S-D-arabinofuranoside
(AraC; 40 pg/ml) and trypsin (7.5 pg/ml). Approximately
107LLC-MK,/F7/M62/A cells that were expressing M and
F proteins after AXCANCre infection were suspended
in MEM containing AraC (40 pg/ml) and trypsin
(7.5 pg/ml), and layered on to the transfected cells
[12,17], and cultured at 37°C for an additional 48 h.
The cells were harvested, and the pellet was resuspended
in OptiMEM (107 cells/ml). After three cycles of freezing
and thawing, the cell lysate (PO lysate) was transfected
into the selected clones after AXCANCre infection. After
that, the cells were cultured at 32°C in MEM containing
AraC (40 pg/ml) and trypsin (7.5 pg/ml) for 7 to 16 days.
The spread of GFP-expressing cells to neighboring cells
was examined by fluorescence microscopy. When viruses
could be recovered from culture supernatants, it was
considered that the selected clone expressed a sufficient
level of functional F and M proteins. The viruses recovered
in the culture supernatants were further amplified by a
few serial infections and culturing at 32°C. As the seed
virus for all experiments, we used culture supernatants
at the third or fourth passage of the virus, stored at
—80°C, after adding BSA solution (Gibco-BRL) to a final
concentration of 1% (w/v).

RT-PCR

Total viral RNA from SeV'®*/AMAF-GFP was iso-
lated using a QlAamp viral RNA mini kit (Qia-
gen). RT-PCR was performed in a one-step process
using the Superscript RT-PCR system (Life Technolo-
gies, BRL). Reverse transcription and PCR amplifi-
cation were performed with random hexamers and
the pair of primers 5'-CCAATCTACCATCAGCATCAGC-
3" (forward primer specific for the P gene) and 5'-
TGGGTGAATGAGAGAATCAGC-3' (reverse primer spe-
cific for the HN gene).

Detection of viral proteins by Western
blotting

Preparation of viral particles and their protein analysis
were carried out according to the method described
[12]. Briefly, LLC-MK; cells (1 x 10%) grown in 6-well
plates were infected at an MOI of 3 with SeV'®*GFP,
SeVI8+/AF-GFP, SeV'®/AM-GFP or SeV18*/AMAF-
GFP, and incubated in serum-free MEM at 37°C. Two
days after the infection, the culture supernatants were
centrifuged at 48000 g for 45 min to recover the viral
patticles. Cells recovered from one well of a 6-well plate
were stored at —80°C, then thawed in 100l of the
sample buffer for sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis (SDS-PAGE). SDS-PAGE and Western
blotting were carried out as described previously [11].
Incubation with the anti-M and anti-SeV primary
antibodies was followed by incubation with the anti-rabbit
1gG conjugated with HRP as the secondary antibody.
When anti-F was the primary antibody, anti-mouse
1gG conjugated with HRP was used as the secondary
antibody. The proteins on the membrane were detected
by a chemiluminescence method (ECL Western blotting
detection reagents; Amersham Biosciences, Uppsala,
Sweden).

Electron microscopy

Particles obtained by ultracentrifugation at 38000¢g
for 90 min were resuspended in phosphate-buffered
saline (PBS), dropped onto microgrids, dried at room
temperature, and stained with 4% uranium acetate for
2 min for electron microscopic examination with a JEM-
1200EXII instrument (Nippon Denshi, Tokyo, Japan).

Dynamic light scattering

Dynamic light-scattering experiments were conducted
using a dynamic light-scattering spectrophotometer DLS-
7000 instrument (Photal Otsuka Electronics, Osaka,
Japan). Virus samples were passed through a 0.45-um
filter to remove dust particles, and a 200-pl sample was
inserted in the cuvette with the temperature control set
to 25°C. The light-scattering signal was collected and
exported for analysis. Continuous size distributions were
calculated with the Cumulant method [22].

Gene transfer to primary cultures of
rat dorsal root ganglion and cerebral
cortex neurons

Primary explant cultures of rat DRG neurons were
prepared from E18 embryos as described [23]. DRG
neurons were picked up and cultured in a 24-well culture
plate coated with type IV collagen (Asahi Technoglass
Corp., Tokyo, Japan) at 37°C in a 5% CO; atmosphere
for 2 days in D-MEM (Gibco-BRL) supplemented with
10% FBS and 100 ng/ml of nerve growth factor protein
(Serotec Ltd, Oxford, UK). The cells were infected
with $eV18+GFP/AMAF and incubated for an additional
60 h. GFP expression was observed under a DM IRB-
SLR flucrescence microscope (Leica, Wetzlar, Germany).
Primary cultures of rat cortical neurons were prepared
from E17 embryos as described [12]. Briefly, dissociated
cells were plated at a density of 4 x 10° cells/well in
24-well culture slides coated with poly-L-lysine (Asahi
Technoglass Corp., Tokyo, Japan). The cells were cultured
at 37°C in a 5% CO; atmosphere for 2 days in neural
basal medium supplemented with B27 (Gibco-BRL). The
cells were infected with SeVI8*GFP/AMAF at an MOI
of 3 and incubated for 36 h. To identify neuronal cells,
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the cells were fixed with 2% paraformaldehyde at room
temperature for 15 min and immunostained with anti-
MAP2 monoclonal antibody (Sigma-Aldrich Corp., St.
Louis, MO, USA) followed by labeling with Alexa Fluor
568-conjugated anti-mouse IgG (Molecular Probes). After
washing, the cells were observed under a DM IRB-SLR
flucrescence microscope.

Intranasal injection of M and F
genes-deleted SeV vector

Adult BALB/cA mice (Charles River, Yokohama, Japan)
weighing about 20-25 g were anesthetized, and 100 pl
of SeVI8*GFP/ AMAF (5 x 10® GFP-CIU) wete injected
intranasally with spontaneous respiration (n = 3). GFP
expression was assessed by examining the surface of the
lungs and sections from the lungs and bronchus of animals
sacrificed 2 days after the injection of 3eV8+GFP/AMAF.

Injection of M and F genes-deleted SeV-
vector into gerbil lateral ventricle

Adult male Mengolian gerbils (HOS, Saitama, Japan)
weighing about 70 g were anesthetized and placed in
a stereotaxic frame, and 5pl of SeV$*+*GFP/AMAF
(5 x 105 GFP-CIU) were microinjected into the left lateral
ventricle using a 30-gauge 10-ul Hamilton syringe (n = 2).
The injection coordinates relative to the bregma were
1.0 mm laterally to the left side at a depth of 2.0 mm
from the cortical surface. GFP expression was assessed
by examining coronal sections from the brains of animals
sacrificed 4 days after the injection of $eV'8+GFP/AMAF.
For the analysis of cytotoxicity to ependymal cells, 5 ul
of SeV'8*GFP or SeV®*/AMAF-GFP (S x 10° GFP-CIU)
were microinjected into the left lateral ventricle of gerbils
(n =3). They were anesthetized at 6 days after the
injection and fixed using transcardiac perfusion with
4% paraformaldehyde. Coronal brain sections were made
from brains embedded in paraffin by cutting at 5-um
thickness and stained with hematoxylin and ecsin.

SEAP assay

LLC-MK; cells (1 x 10%/well) grown in 6-well plates were
infected at an MOI of 3 with SeV'®+SEAP/AF-GFP or
SeV8+SEAP/AMAF-GFP and incubated in serum-free
MEM at 37°C. The culture supernatants were collected
every 24 h with immediate addition of MEM to the
remaining cells, and their SEAP activities were measured
using an SEAP reporter assay kit (Toyobo, Osaka, Japan)
with chemical fluorescent Lumi-Phos® Plus and a LAS
1000 image analyzer (Fuji Film).

Kinetic analysis of VLP formation

LLC-MK; cells (1 x 10% grown in 6-well plates were
infected at an MOI of 3 with SeV!®+/AP-GFP,
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Sev'8+/AM-GFP or SeV'8*/AMAF-GFP and incubated
at 37°C in serum-free MEM. The culture supernatants
were collected every 24 h with immediate addition of
MEM to the remaining cells. The VLPs were quantified
by a hemagglutination assay (HA assay) according to the
method deseribed {9].

Cationic liposome-mediated
transfection of VLPs

The culture supernatant (100 pl) collected at the indicated
time after the infection was mixed with Dosper liposomal
transfection reagent (12.5 ul; Roche, Basel, Switzerland),
allowed to stand at room temperature for 10 min, and
transfected to LLC-MK; cells cultured to confluency in
6-well plates. The cells were then cultured in serum-free
MEM without trypsin for 2 days, and observed under a
DM IRB-SLR fluorescence microscope (Leica).

Quantitative analysis of cytotoxicity

CV-1 and Hela cells (4 x 10%} grown in 96-well plates
were infected at an MOI of 0.01, 0.03, 0.1, 0.3, 1, 3, 10,
or 30 with SeV®*GEP, SeV®*/AF.GFP, SeV'®+/AM-
GFP or SeV'®*/AMAF-GFP and incubated at 37°C
in serum-free MEM. The culture supernatants were
recovered 3 days after the infection and assayed using
a cytotoxicity detection kit {Roche) that measures lactate
dehydrogenase (LDH) activity released from damaged
cells [24].

Results

Construction of M and F genes-deleted
SeV ¢cDNA

SeV genomic ¢DNA carrying the GFP gene instead
of the M and F genes (SeV!®*/AMAF-GFP) was
constructed (Figure 1A). The GFP gene on SeV c¢DNA
allows us to confirm easily the successful recovery
and infection of M and F genes-deleted SeV. This
type of vector, 8eV1#t/AMAF-GFP, was utilized mainly
for the comparison between the vector types. For
another design of SeV genome, the GFP gene was
removed from pSeV'®+/AMAF-GFP. The thus-generated
pSeV18*t/ AMAF was useful for the expression of the GOI
inserted between the leader and the NP gene without
GFP expression. To confirm the efficient expression by
this design of SeV cDNA, the GFP gene with the SeV
transcriptional termination and restart signals connected
with a trinucleotide intergenic sequence (EIS) was
inserted again upstream of the NP gene in turn. Thus,
pSeVI8+GFP/AMAF was constructed (Figure 14). This
type of vector, SeV!8+GFP/AMAF, was utilized mainly
to confirm the infectivity in vitro and in vivo as a typical
vector of $§eV18tAMAF carrying the GOL
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Figure 1. Construction of both M and F genes-deleted SeV vector carrying the GFP gene, and confirmation of its structure. (A) The
structures of recombinant SeV genomes. The open reading frame (ORF) of the GFP gene was inserted with the $eV end and start
signals (EIS) in the respective positions of the deleted gene(s) or before the viral NP gene. The positions of the primers for RT-PCR
are shown by arrows. The structures of recombinant §¢V genomes carrying the SEAP gene are also shown. The ORF of the SEAP
gene was inserted with the SeV EIS before the viral NP gene. (B) The viral genome structure was confirmed by RT-PCR. The DNA
fragment of SeV!8+/AMAF-GFP (AMAF) from the S’-terminal of the P gene to the 3'-terminal of the HN gene (containing the
GFP gene) was amplified from the ¢DNA, and the fragment was compared with the corresponding fragments amplified from the
cDNAs of SeV!3*/AF-GFP (AF) and $eV'8+/AM-GFP {AM). Amplifications of 1495-bp DNA for SeV!5*/AMAF-GFP and 2661- and
3362-bp DNAs for SeV18*/AF-GFP and $eV'®+t/AM-GFP, respectively, were expected based on their genome structures. (€) Viral
proteins were detected by Western blotting. LLC-MK; cells were infected with SeV'8+GFP (Wild), SeV'8*/AMAF-GFP (AMAF),
SeV18+/AF.GFP (AF) or SeV1%+/AM-GFP (AM) at an MOI of 3. The viral proteins in the cells prepared 2 days after the infection
were detected by Western blotting using anti-M, anti-F and anti-SeV (which mainly detects NP protein} antibodies. (D) Electron
microscopic ultrastructure of viral particles of SeV/AMAF. The particles were prepared from supernatants of LLC-MKy /F7/M#33/A
after infection of SeV1%* GFP/ AMAF at an MOI of 3 and subsequent culturing for 3 days at 37 °C. The electron microstructures were

observed after negative staining. Bars: 50 nm

Establishment of M- and F-expressing
packaging cell line

For the recovery of M and F genes-deleted SeV from cDNA
as virion particles, the missing M and F genes must be
complemented in trans. An M- and F-expressing packaging
cell line should be established in order to achieve the
production of virions at high titer, and for this purpose a
Cre/loxP-induction system was employed as reported in
the case of F- or M-expressing plasmids [10,12]. We had
already established both M- and F-expressing packaging
cell line LLC-MK,/F7/M62, in which M gene-deleted SeV
(SeV18+/AM-GFP) or F gene-deleted SeV (SeV'®t/AF-
GFP) was successfully recovered [12]. However, both
M and F genes-deleted SeV (SeV®*/AMAF-GFP) could
not be recovered from LLC-MKy/F7/M62 (data not
shown). Therefore, additional introduction of the M
and F genes into LLC-MK;/F7/M62 was necessary
to recover SeV/AMAF. For this purpose, pCALNdLw-
zeoM and pCALNdLw-zeoF, in which the M and F
genes were inserted into pCALNdLw [20] along with
a zeocin resistance gene, respectively, were transfected
into LLC-MK2/F7/M62 cells. Zeocin (500 pg/ml) resistant
clones were selected, and their expression of the M and
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F proteins was analyzed after the induction of these
proteins by infection with AxCANCre [20,21]. After semi-
quantitative Western blotting using anti-M and anti-F
antibodies, 20 clones wete selected for further analysis as
described below.

Viral recovery of M and F genes-deleted
SeV

Both M and F genes-deleted SeV vector (SeV!8t/AMAE-
GFP) was recovered with evaluation of the above selected
clones. We examined whether the trans-supply of M and
F proteins was achieved in each clone by using cell lysate
containing SeV'®+/ AMAF-GFP RNP (PO lysate) prepared
as described previously {12]. Meanwhile, clones were
plated, infected with AxCANCre at an MOI of 5, and
cultured at 32°C for 2 days after the infection, These cells
were ovetlayed with PO lysate of SeV®t/AMAF-GFP,
and cultured in serum-free MEM containing 40 pg/ml
AraC and 7.5 pg/ml trypsin at 32°C. Spreading of GFP-
expressing cells induced by SeV!%+/AMAF-GFP was most
marked with clone #33. Accordingly, clone #33, which is
referred to LLC-MK,/F7/M#233 prior to the induction with
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AxCANCre and LLC-MK3/F7/M#33/A after the induction
(which expressed both M and F proteins), was used
in subsequent experiments. We continued to recover
SeV'®*/AMAF-GFP from LLC-MKy/F7/M#33/A cells,
and the titer of recovered viral vector was determined
and expressed as cell infectious units estimated by the
proportion of GFP-expressing cells (GFP-CIU/ml} [11].
For example, 5 days after infection at the second vector
passage (P2), a viral titer of 8.5 % 107 GFP-CIU/ml was
detected, and 5 days after infection at the third vector
passage (P3), a viral titer of 2.0 x 10% GFP-CIU/ml was
detected. A differently designed M and F genes-deleted
SeV vector, SeV8+GFP/AMAF (Figure 1A), was also
successfully recovered using LLC-MK2/F7/M#33/A with
a titer as high as that of SeV'8+/AMAF-GFP,

Gene structure of recovered M and F
genes-deleted SeV

The viral gene structure of SeV18+/AMAF-GFP was
analyzed by RT-PCR. As expected from the gene structure
of SeV18+/AMAF-GFP, amplification of a 1495-bp DNA,
which cotresponded to the fragment containing the GFP
gene (from the 5 terminus of the P gene to the 3’
terminus of the HN gene) (Figure 1A), was observed
(Figure 1B). This result indicated that this virus had a
both M and P genes-deleted structure. The viral gene
structure was also confirmed from the resultant protein
expression of SeV'8t/AMAF-GFP by Western blotting.
LILC-MK; cells were recovered 3 days after infection with
SeVIB+ /AMAF-GFP, SeVI8+/AM-GPP, SeV18+/AF-GFP
or SeVI8+GFP at an MOI of 3 in each case. The viral
proteins in the cells were detected using anti-M, anti-F,
or anti-SeV (which mainly detects NP protein) antibodies.
The fact that both M and F proteins were not detected
while the NP protein was detected in cells infected
with SeV18t/AMAFR-GFP (Figure 1C) also confirmed in
terms of protein that this virus had the structure of
SeV'8+/AMAF-GFP. In this case, M and F proteins were
not observed in cells infected with SeV#*/AM-GFP and
Sev1&+/AF-GFP, respectively, while all the virus proteins
examined were detected in cells infected with SeV'¥+GEP.

Virion structure of recovered M and F
genes-deleted SeV

The wviral particles of SeV/AMAF were directly
observed by electron microscopy. The particles of
SeV¥+GFP/AMAF produced from the packaging cell
line LLC-MK,/F7/#33/A had round form bearing RNP
inside and spikes at the surface (Figure 1D), indicating
that SeV/AMAF shows a typical particle structure of SeV
and, in other words, that both SeV-M and -F proteins
were successfully supplied in trans from the packaging
cell line. The particles of SeV18+/ AMAF-GFP showed the
same result (data not shown). However, many of them
seemed slightly smaller than the particles of wild-type
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SeV. Indeed, more than $5% of $eV18* GFP/AMAF par-
ticles passed through a filter with a molecular weight
cut-off 500 kDa pore size, as compared with less than
10% of particles that did not through the same filter in
the case of wild-type SeV and SeV/AF (data not shown).
As an example for quantitative analysis, we measured
the size distributions of virions using dynamic light scat-
tering. The average size of SeVI3TGFP/AMAF particles
prepared from supernatants of the packaging cell line,
LLC-MKz/F7/M#33/A, was 184 nm in contrast to that
of wild-type SeV (200-250 nm). After centrifugation at
38000 g for 60 min, particles with the average size of
198 nm were pelleted and those with the average of
157 nm were retained in the supernatant. These particles
in the supernatant were centrifuged again at 76000 g
for 60 min. The average sizes of particles in the pellet
and supernatant were 179 and 98 nm, respectively, These
results indicate that the prepared SeV'#+ GFP/ AMAF par-
ticles include many types of virions with different sizes,
and that, on the whole, these are much smaller than that
of wild-type SeV. About 97% of infectious particles were
in the pellet after the first centrifugation (38000¢ for
60 min) and the remaining 3% stayed in the supernatant.
When the particles were quantified by calculation with
hemagglutination (HA) activity [91, about 55 and 45%
of particles were in the pellet and supernatant, respec-
tively. Most of the particles in the supernatant after the
first centrifugation might not retain infectivity. Moreover,
these results indicate that most of the infectious particles
of SeV'**GFP/AMAF can be recovered from the pellet
efficiently without coexistence of small and non-infectious
particles in the supernatants.

Productivity of M and F genes-deleted
SeV from the packaging cell line

LLC-MK3/F7/M#33/A cells were infected with Sev18+/A
MAF-GFP at an MOI of 0.1 and cultured at 32°C. The
culture supernatants were recovered daily and replaced
with fresh medium. The supernatants thus recovered
were assayed for infectivity (GFP-CIU) and HA activity
(hemagglutination units; HAU). Three to seven days after
the infection, the virus was recovered efficiently (more
than 10% GFP-CIU virions/ml; Figure 2). The change in
HAU correlated well with that of GFP-CIU, indicating that
many of the SeV'®*/ AMAF-GFP particles produced from
LLC-MKz/F7/M#33/A cells would be of equal infectivity.
In particular, 8eV8*/AMAF-GFP could be recovered
several times, five times (5 days) in this case, in one
culture of LLC-MK;/F7/M#33/A with titers of more than
108 GFP-CIU/mlL

Infectivity and foreign gene expression
of M and F genes-deleted SeV in vitro
and in vivo

SeV/AMAF showed efficient infectivity to a variety of
cells such as various cell lines and normal human cells,
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Figure 2. The virus productivity of SeV!®#+/AMAF-GFP.
LLC-MKz/F7/#33/A cells were infected with SeV'®* /AMAF-GFP
at an MOI of 0.1 and cultured in serum-free MEM containing
7.5 pg/ml of trypsin at 32°C. The culture supernatants were
collected every 24 h, and fresh medium was added immediately
to the remaining cells. The infectivity (GFP-CIU; closed bars)
and hemagglutination activity (HAU; A} of the recovered super-
natants were assayed. The levels of infectious particles were
2 x 105, 3.2 x 107, 7.7 x 107, 2.0 x 105, 2.4 x 108, 2.0 x 108
and 1.6 x 10% (GFPCIU/ml) at 1, 2, 3, 4, 5, 6 and 7 days after
the infection, respectively

including muscle cells and lung fibroblasts, in vitro (data
not shown). As an example of these, SeVIB+GFP/ AMAF
was infected to non-dividing rat dorsal ganglion (DRG)
neurons in explant culture. We confirmed that most of
the neurons were GFP-pasitive (Figure 3A). Additionally,
the virus was infected to rat primary cortex neurons at
an MOI of 3. Merged microscopic images showed that
all of the SeVI®+GFP/AMAF-infected GFP-positive cells
correspond to MAP2-positive neuronal cells (Figure 3B}.
The infection of SeV!8+/AMAF-GFP showed the same
result as that of $eVI8*GFP/AMAF (data not shown).
These results indicate that M and F genes-deleted SeV
retained similar high-level infectivity to wild-type or F
gene- or M gene-deleted SeV vectors [10,12,25] in vitro.

In order to confirm the infectivity of M and F genes-
deleted SeV in vivo, SeV18+GEP/AMAF was administered
to the lung of mice by intranasal injection and GFP
expression was assessed to verify the gene transfer
invivo. In many cases with the SeV vector, the GOI
was inserted between the leader and the NP gene to
retain high protein expression of the GOI [26]; therefore,
SeV'®*GFP/AMAF instead of SeV'®*/AMAF-GFP was
utilized to analyze its infectivity. Strong GFP expression
was observed from the surface of the lung (Figures 4A
and 4B) from the animals sacrificed 2 days following the
injection of $eV8*GFP/AMATF. In the sections of those,
the expression of GFP was seen in alveclar epithelium cells
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{B) GFP merged ant-MAP2

Figure 3. Gene transfer of M and F genes-deleted SeV vector to
ron-dividing cells in vitro. (A) $eV'¥*GFP/AMAF was infected
to the explant culture of rat DRG neuron. GFP expression
was observed 60 h after the infection. Pictures taken with
long (high) and short (low) exposure times are represented.
(B) SeVI8+GFP/AMAF was infected to rat primary cerebral
cortex neuron at an MOI of 3. GFP expression was observed
36 h after the infection. The cells were also immunostained with
anti-MAP2

of the lung (Figure 4C). In addition, SeV18+GFP/AMAF
was microinjected into the lateral ventricle of gerbils
and GFP expression was assessed to verify the gene
transfer in vivo. In representative coronal sections from
the animals sacrificed 4 days following the injection of
SeVIB+*GFP/AMAF, the expression of GFP was seen
along the bilateral lateral ventricle walls (Figure 4E).
Most of these infected cells were ependymal cells. GFP
expression was also observed in the lateral ventricle
around the hippocampus and in the third ventricle
(Figure 4F). The expression of GFP was still observed
7 days after the infection but returned to negative 14 days
after the injection (data not shown). In both cases, a
very small amount of the vector (5 x 10% GFP-CIU of
SeV!8+*GFP/AMAF) was injected. Efficient infection and
gene expression were thus confirmed for the M and F
genes-deleted SeV vector in vivo.

Quantitative analysis of foreign gene
expression of M and F genes-deleted
SeV

The expression level of the foreign gene carried on
3eV/AMAF was evaluated by the use of the secreted
form of human placental alkaline phosphatase (SEAP), an
easily detectable marker of protein production. LLC-MKz
cells were infected with SeV!®*SEAP/AMAF-GFP or

J Gene Med 2004, 6: 1069-1081.
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Figure 4. Gene transfer of M and F genes-deleted SeV vector in vivo. (A-C) Gene transfer to the lung. SeV3+GFP/AMAF (5 x 105
GFP-CIU) was administered to adult BALB/cA mice by intranasal injection (n = 3). GFP expression was detected from the surface of
the extracted lung of the animal sactificed 2 days following the injection (A, B). Fluorescent light micrographs of the sections showed
a positive GFP reaction in the alveolar epithelium cells of the lung (C). (E, F) Gene transfer to gerbil brain. $eV!8*GFP/AMAF
(5 x 10° GFP-CIU) was microinjected into the left lateral ventricle of an adult mongolian gerbil (n = 2). GFP expression was detected
throughout the brain of the animal sacrificed 4 days following the injection. Fluorescent ight micrographs of coronal sections
showed a positive GFP reaction in the ependymal cells along the bilateral lateral ventricle walls (E) and also in those around the
hippocampus in the lateral ventricle (F). (D, G) Negative controls from the animals with no SeV infection. No GFP expression was
observed in the lung of BALB/cA mice (D) and in the brain of gerbils (G)

SeV18+SEAP/AF-GFP at an MOl of 3, and then the culture
supernatant was repeatedly collected every 24 h. The
SEAP activity in the supernatant was comparable between
the two SeV vectors (Figure 5). Thus, we confirmed that
the expression level of the inserted reporter gene in SeV
vector was maintained in the case of SeV/AMATF, tco.

Quantification of VLPs from cells
infected with M and F genes-deleted
SeV

The production of VLPs from cells infected with
SeVI8*/AMAF-GFP was compared with those from
cells infected with SeV13*/AF-GFP. LLC-MK; cells were
infected with SeV18+/AMAF-GFP at an MQI of 3, and the
culture supernatant was collected every 24 h and analyzed
by the HA assay. Marked elevation of HA activity was not
detected at any time in the case of SeV'#/AMAF-GFP
(Figure 6A). However, 4 or more days after the infection,
HA activity was detectable, though the level was very
low. The presence of VLPs in the culture supernatant
obtained 4 days after the infection was further examined
using cationic liposomes (Dosper). If there are VLPs
carrying RNPs in the supernatant of infected cells, we
can detect GFP expression in the cells transfected with
the supernatant plus cationic liposome, since RNPs are
able to replicate and express their genes even after forced

Copyright @ 2004 John Wiley & Sons, Ltd,

transfection by agents such as Dosper. Inspection under
a fluorescence microscope 2 days after the transfection
revealed that many GFP-positive cells were observed
among cells transfected with the mixture of particles
in the supernatant of $eV'8*/AF-GFP-infected LLC-MK;
cells and Dosper, while almost no GFP-positive cells were
observed in the case of SeV'8*/AMAF-GFP infection
(Figure 6B). These results allow us to recognize that the
VLP formation of SeV'®*/AMAF-GFP from infected cells
was almost completely abolished. When we analyzed
using electron microscopy, a very low number of particles
in the supernatant of LLC-MK; cells after infection with
SevV18t/AMAF-GFP were detected. In additien, those
particles were smaller than those of SeV'8+*/AMAF-GFP
from the packaging cells (LLC-MK,/F7/M#33/4), and
most of them did not appear to bear RNP in the particles
(data not shown). All these characteristic phenomena of
SeV/AMATF were similar in the case of SeV/AM [12].

Infiltrative sjareading of M
gene-deleted SeV is resolved by the
additive F gene-deletion

When LLC-MK; cells were infected with M gene-deleted
SeV {SeV1®+/AM-GFP) and cultured in MEM in the
presence of trypsin (7.5 pg/ml), they showed marked
infiltrative activity with syncytium formation (Figure 7)
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Figure 5. Comparison of expression performance of SeV vectors
carrying the SEAP gene. The expression level of the inserted
gene was quantified by SEAP assay. SEAP activity In the culture
supernatants of LLC-MK; cell were collected every 24 h after
infection with SeV'®*SEAP/AF-GFP or SeV!3*SEAP/AMAF-GFP
at an MOI of 3. We determined the SEAP activity as a
relative activity by setting the value from the supernatant of
uninfected cells as zero (0) and that from the supernatant of
SeV3+ SEAP/AF-GFP-infected cells (MOl = 3, 1 day p.i) as one
(1). These are shown from the average of three experiments.
Bars: SD

[12]. This is because the infection of SeV/AM spread to
neighboring cells in a cell-to-cell manner even though
SeV/AM had lost its particle-forming capability in cells
in which M protein was not supplied in trans, as the
inactive precursor FQ protein on the cell surface was
proteolytically cleaved and activated to F1 and F2 in
the presence of trypsin. In the case of both M and F
genes-deleted SeV (SeV18+/ AMAF-GFP), such cell-to-cell
spreading was never observed even in the presence of
trypsin (Figure 7). Additive F gene-deletion from SeV/AM
has abolished cytolytic infiltrative spreading of SeV/AM.

Cytopathic effect of SeV is diminished
efficiently by both M and F
genes-deletion

Infection by the SeV vector causes some cytopathic effects
in some types of cells. It is important to characterize
the newly recovered SeV/AMAF from the aspect of this
cytopathic effect if it is to be considered as a vector for
use in human gene therapy. The cytopathic effects were
investigated in HeLa and CV-1 cells, both of which are
sensitive to SeV infection-dependent cytotoxicity. HeLa
and CV-1 cells plated in 96-well plates were infected
with SeV'3+/AMAF-GFP, SeV!8+/AF-GFP, SeV!®+/AM-
GFP or SeV®*GFP and incubated in serum-free MEM

Copyright © 2004 John Wiley & Sens, Ltd.
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for 3 days. The cytotoxicity of SeV'®t/AF-GFP and
Sev'®*/AM-GFP in these cells was lower than that of
SeV'&+GFP (Figure 8). Moreover, that of SeV'®*/AMAF-
GFP was extremely decreased in both cells rather than
all other types of SeV vectors (Figure 8). Thus, the
combination of the deletion of M and F genes from
the SeV vector is very effective for reducing cytopathic
effect of SeV in vitro. Tissue damage derived from the
infection of these vectors was also evaluated in vive.
After the intraventricular administration of wild-type SeV
(SeV'+GFP), a certain amount of the infected ependymal
cells were damaged and detached from the wall of the
ventricle at 6 days after the infection (Figure 9). However,
many of the ependymal cells were retained in the case of
the M and F genes-deleted SeV vector (SeV18+/AMAE-
GFP). Reduced cytotoxicity of SeV/AMAF was confirmed
in vivo, too.

Discussion

The M protein of 8eV and other negative-strand RNA
viruses is thought to play key roles in both virus assembly
and budding [27-29], since it binds not only to the SeV
RNP [30] but also to the spike proteins [31,32], and
self-aggregates to form molecular clusters [33]. The M
gene deletion from the $eV genome (SeV/AM) resulted
in almost complete abolition of virus maturation into
a particle [12]. Instead, 3eV/AM spread markedly to
neighboring cells in a cell-to-cell manner under conditions
in which the fusion protein was proteolytically cleaved
and activated by trypsin-like protease. The F protein of
SeV is essential for penetration of RNPs into infected cells
after the attachment of virions to the sialic acid containing
gangliosides on the cell surface by HN protein [1,34]. The
F gene deleticn from the SeV genome (SeV/AF) brought
about complete abolition of transmissible property [10],
even though SeV/AF allowed non-transmissible VLP
formation from infected cells [11]. In this study, the M
and F genes-deleted SeV (SeV/AMAF) was successfully
recovered and propagated in the packaging cell line
by using a Cre/loxP induction system. Simultaneous
deletions in the same genome resulted in combining
both SeV/AF and SeV/AM advantages. SeV/AMAF gains
non-transmissible property and loses particle formation
from infected cells with no syncytium formation. In
addition, SeV/AMAF retained efficient gene transfer and
showed less cytopathic effect in infected cells. Moreover,
SeV/AMAF was propagated in high titers {more than
10® CIU/ml) without any concentration procedures. The
production process must be considered when a modified
virus vector is used industrially for purposes such as
gene therapy. This level of viral production allows us
to consider the possible industrial use of this vector.
Therefore, SeV/AMAF is a good candidate for a next
generation of SeV vector as an attenuated type for
gene therapy. Nonetheless, additional experiments for
immunogenicity of SeV/AMAF are required and in

J Gene Med 2004; 6: 1069-1081.

—105—



Matrix and Fusion-Deleted SeV Vector

(A)
140

120}

100

80

HAU

60}

40

—~ SeV™AF-GFP
—t— SeV'BAM.GFP
—a— SeV'SAMAF.GFP

20

1 2 3 4 5 6 7 8
p.i. days

1079

)

SaV'8¥
AMAF-GFP

SeV1ty
AF-GFP

Figure 6. Comparison of VLP-forming capability of SeV'®*/AF-GFP, SeV'®*/AM-GFP and S$eV'®*/AMAF-GFP. (A) Kinetic
quantification of VLP by HA assay. The culture supernatants of LLC-MK; cells infected with SeV18+/AF-GFP, SeV1#+/AM-GFP
and SeV'®*/AMAF-GFP at an MOI of 3 were recovered at various times {daily) and fresh MEM was added immediately to
the remaining cells. VLPs were quantified by the HA assay. (B) Cationic liposome-mediated transfection of VLP. The culture
supernatants of LLC-MK; recovered 4 days after the infection were transfected into newly prepared LLC-MK; cells using cationic
liposomes (Dosper). The microscopic observation was carried out 2 days after the transfection. Magnification: x100
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Figure 7. Examination whether cell-to-cell spreading occurs by different types of SeV infection. LLC-MK; cells were infected with
SeV8* /AF-GFP, 5eV1%t/AM-GFP or SeV'8+/ AMAF-GFP at an MOI of 1 and cultured in serum-free MEM containing no or 7.5 pg/ml
of trypsin at 37 °C. Microscopic observation was carried out 3 days after the infection. Magnification: x100

progress because the SeV/AMAF-transduced cells still
express the viral NP, P, HN and L proteins, all of which
are potentially immunogenic.

The particle size of SeV/AMAF produced from the
packaging cell line, LLC-MK;/F7/M#33/A, is smaller than
that of wild-type SeV. In the packaging cell line, the M
protein (and F protein) is supplied in trans from the

Copyright © 2004 John Wiley & Sons, Ltd,

cells, and therefore the quantity of M protein would
be lower than that supplied from the SeV genome. As
the quantity of M protein is the rate-limiting factor
for virus assembly and budding, the M proteins in the
packaging cell line might fall short as compared with
other SeV component proteins supplied from the SeV
genome. That is, the SeV/AMAF might be forced to

J Gene Med 2004, 5: 1069-1081.
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form virions with a small amount of M proteins in the
packaging cell line. Thus, the particles of SeV/AMAF
might be smaller in size. The even smaller particles of
SeV/AMAF, which remained in the supernatant after
centrifugation (38000g for 60 min), did not retain
sufficient infectivity. In addition, a very low number
of particles in the supernatant of LLC-MK: infected
with SeV/AMAF were detectable, but their size was
very small when analyzed using electron microscopy.
Further, most of them did not appear to bear RNP in
the particles, as in the case of SeV/AM [12]. All these
results support the key roles of the $eV-M protein in virus
maturation.

The duration of the expression of genes carried depends
on the types of viral vectors. The expression by SeV
vectors of the present design is transient and continues
from about several days to several weeks invive in
many cases. An integrating vector, such as retrovirus and
adenoc-associated virus vector, would be advantageous for
sustained expression of the GOI. However, 5eV vector-
mediated gene transfer has showed therapeutic effects
in many animal models. For example, that of FGF-2 via
intramuscular injection resulted in significant therapeutic
effects for limb salvage with increased blood perfusion in
mouse acute ischemia model [4]. In addition, that of glial
cell line derived neurotrophic factor via lateral ventricle
[6] ot insulin-like growth factor 1 via intramuscular
injection [3] showed remarkable therapeutic effects for
transient global brain ischemia and muscular regeneration
in gerbil and rat, respectively. The transient expression
of the GOI is acceptable or even preferable in some
diseases for treatment and/or in some cases of therapeutic
genes. The advantage of SeV for gene therapy is its broad
spectrum of infectivity as the SeV-HN protein utilizes
the sialic acid containing gangliosides as a receptor for
attachment and its high-level expression of the genes it
encodes. Indeed, it has been shown to mediate effective
gene transfer to the respiratory tract of mice, ferrets and
sheeps [2], the vascular system of rabbits [35] and the
skeletal muscle of rats [3], as well as the central nervous
system of gerbils [6]. Moreover, SeV is a cytoplasmic RNA
virus and therefore replicates independently of cellular
nuclear functions and does not have a DNA phase during
its life cycle so that the possible transformation of cells
by integration of the genetic information of the virus
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Figure 8. Quantitative analysis of SeV infection-dependent
cytotoxicity in vitro. Cytotoxicity was estimated based on the
quantity of LDH released into the cell culture medium. HeLa and
CV-1 cells were infected with SeV**/AF-GFP, SeV'5+/AM-GFP
or SeV13+/AMAF-GFP at MOI of 0, 0.1, 0.3, 1, 3, 10 or 30,
and cultured in serum-free MEM. The assay was carried out
3 days after the infection. The percentage cytotoxicity (%)
was calculated by using the low contrel value (0%) from the
supernatants of uninfected cells and the high control value
(100%) that was from the cell lysates after the treatment with
2% Triton X-100. The values were from three experiments. Bars:
sD -

into the cellular genome is not a concern [1]. Such viral
genotoxicity has been observed in some integrating types
of viral vectors even though they maintain sustained
expression of genes carried [36,37]. Therefore, we should
select gene transfer vectors for individual purposes
suitable for indicated diseases. The attenuation of a SeV
vector such as described here would contribute to offer a
new type of viral vector useful for gene therapy.

Figure 9. Analysis of SeV infection-dependent cytotoxicity in vivo. $eVI**GFP or SeV'#*GFP/AMAF (5 x 10° GFP-CIU) was
microinjected into the left lateral ventricle of an adult mongolian gerbil {(n = 3). The ependymal cells along the bilateral lateral
ventricle walls were observed on the coronal brain sections from the animals sacrificed 6 days after the injection. Bar: 100 pm

Copyright © 2004 John Wiley & Sons, Ltd.
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A Seed for Alzheimer Amyloid in the Brain

Hideki Hayashi,! Nobuyuki Kimura,? Haruyasu Yamaguchi,® Kazuhiro Hasegawa,* Tatsuki Yokoseki,” Masao Shibata,’
Naoki Yamamoto,! Makoto Michikawa,! Yasuhiro Yoshikawa,? Keiji Terao,® Katsumi Matsuzaki,” Cynthia A. Lemere,8
Dennis J. Selkoe,? Hironobu Naiki,* and Katsuhiko Yanagisawa!

1Department of Dementia Research, National Institute for Longevity Sciences, Obu 474-8522, Japan, 2Department of Biomedical Science, Graduate School
of Agricultural and Life Sciences, The University of Tokye, Bunkyo-ku, Tokyo 113-8657, Japan, *Gunma University School of Health Sciences, Maebashi
371-8514, Japan, *Division of Molecular Pathology, Department of Pathological Sciences, Faculty of Medical Sciences, University of Fukui, Matsuoka 910-
1193, Japan, SDepartment of Pharmaceutical Development, Ina Institute, Medical and Biological Laboratories Company Ltd., Terasawaocka, Ina 396-0002,
Japan, ¢Tsukuba Primate Center for Medical Sciences, National Institute for Infectious Diseases, Hachimandai, Tsukuba 305-0843, Japan, “Graduate School
of Pharmaceutical Sciences, Kyoto University, Kyoto 606-8501, Japan, and #Center for Neurologic Diseases, Harvard Medical School and Brigham and
Women’s Hospital, Boston, Massachusetts 02115

A fundamental question about the early pathogenesis of Alzheimer’s disease (AD) concerns how toxic aggregates of amyloid 8 protein
{AB) are formed from its nontoxic soluble form. We hypothesized previously that GM1 ganglioside-bound AS {GAB) is involved in the
process. We now examined this possibility using a novel monoclonal antibody raised against GAf purified from an AD brain. Here, we
report that GA3 has a conformation distinct from that of soluble AS and initiates AB aggregation by acting as a seed. Furthermore, GAf3
generation in the brain was validated by both immunohistochemical and immuneprecipitation studies. These results imply a mechanism

underlying the onset of AD and suggest that an endogenous seed can be a target of therapeutic strategy.

Key words: Alzheimer’s disease; amyloid; amyloid 8 protein; seed; ganglioside; raft

Introduction

The lifelong expression of genetic mutations responsible for fa-
milial Alzheimer’s disease (AD) appears to induce the formation
of neurotoxic aggregates of amyloid 8 protein (A) by accelerat-
ing cellular AB generation {Selkoe, 1997). However, there is cur-
rently no evidence that Af generation is enhanced in sporadic,
late-onset AD, the principal form of the disease. Thus, it is rea-
sonable to assume that AP aggregation in conventional AD may
be induced by unknown posttranslational modification(s) of A
and/or by altered clearance mechanisms.

We previously identified a novel AB species, characterized by
its tight binding to GM1 ganglioside (GM1), in human brains
that exhibited early pathological changes associated with AD
(Yanagisawa et al., 1995, 1997; Yanagisawa and [hara, 1998). On
the basis of the molecular characteristics of the GMI-bound A
{GAB), including its altered immunoreactivity and a strong ten-
dency to form aggregates of AS, we hypothesized that A adopts
an altered conformation by binding to GM1 and initiates the
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aggregation of soluble AB by acting as a seed {Yanagisawa et al.,
1995, 1997; Yanagisawa and Ihara, 1998). Evidence that supports
our hypothesis is growing from in vitro studies by our group and
other groups (McLaurin and Chakrabartty, 1996; Choo-Smith
and Surewicz, 1997; Choo-Smith et al., 1997; McLaurin et al,,
1998; Matsuzaki and Horikiri, 1999; Ariga et al., 2001; Kakio et
al., 2001, 2002).

In the present study, we directly characterize GASB at the mo-
lecular Jevel using a novel monoclenal antibody raised against
GAB purified from an AD brain with the aim of validating our
hypothesis. Here we show that GAS has 2 conformation distinct
from that of soluble AB and initiates A aggregation by acting as
a seed. Importantly, we successfully verified GAS generation in
the brain by both immunohistochemical and immunoprecipita-
tion methods.

Materials and Methods

Preparation of seed-free A solutions. AB solutions were prepared essen-
tially according to a previous report {Naiki and Gejyo, 1999). Briefly,
synthetic AB (Af840 and AB42) (Peptide Institute, Osaka, Japan) was
dissolved in 0.02% ammonia solution at 500 pm for AB40. AB42 was
dissolved at 250 pm because it has a higher potential to form aggregates
rapidly than AB40. To obtain seed-free AP soluticns, the prepared solu-
tions were centrifuged at 540,000 X g for 3 hr using the Optima TL
Ultracentrifuge (Beckman Instruments, Fullerton, CA) to remove undis-
solved peptide aggregates, which can act as preexisting seeds, The super-
natant was collected and stored in aliquots at —80°C until use. Immedi-
ately before use, the aliquots were thawed and diluted with Tris-buffered
saline (TBS) (150 msm NaCl and 10 mat Tris-HCL, pH 7.4). In the present
study, we used the seed-free AB solutions, except in the preparation of
AR fibrils used as the seeds (see below).
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Figure?.  Amyloid fibril formation from soluble A3 in the absence or presence of GM1-containing liposomes. g, Kinetics of AB
fibrillogenesis using A3 (A 340 and A 842) solutions, with or without removing undissolved peptide agqregates, which can act
as preexisting seeds. A3 solutions were incubated at 50 peéand 37°C. Open and filled ircles indicate ThT fluorescence intensities of
Af342 solutions without and with removing undissolved peptide aggregates, respectively. Open and filled squares indicate ThT flucres-
cence intensities of A340 solutions without and with remaoving undissolved peptide aggregates, respectively. &, Kinetics of A fibrillo-
genesis. AR {AB40 and A 342) solutions, after removal of undissolved peptice aggregates, were incubated at 50 pow and 37°Cin the
presence of GM1-containing liposores (filled circles) or GM1-Jacking iposomes {plus signs) orwere incubated in the absence of lipasomes
(open dircles). The GM1-containing fiposomes alone were alse incubated in the absence of A {triangles). The fluarescence intensity of
thieflavin T was obtained by excuding background activity at 0 hr. Inset, Semilogarithmic plot of the differenice, A — F{1), versusincuba-
tion time (0-24 hr). F(1) represents the increase in fluorescence intensity as a function of time in the case of Af3 incubated with GM1-
containing liposomes, and A is tentatively determined as £ (infinity). Linear regression and carrelation coefficient values were calculated
{r = 0.997). f( 1} is described by a differentialequation: F'{ § = 8 — CF(1).c, Electron micrographs of the A 340 solutions mcubated at 50
v and 37°C for 24 hr with GM1~containing liposomes (Teft and right top panels) or without liposomes (right bottom panel). The lipo-
somes areindicated by asterisks. Scalebars, 50nm. d, Westem blotof 4340 olutions incubated at 50 sumand 37°Cfor 24 hrin the presence
orabsence of GM1-containingiposomes. Theincubated A3 solutions were centrifuged at 100,000 X gfor 5 min. Ten nanogramsof A3
in the supernatant were subjected to SDS-PAGE (4 —209) after ghutaraldehyde treatment. The A3 in the gel was detected by Westemn
blotting using BANOS2. A oligomers were detected in the Af3 solution incubated in the presence of GM1-containing liposomes but ot
detected in the incubation mixture cantaining A alone.
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Preparation of AB40 seeds. AB40 fibrils used
as exogenous seeds were prepared essentially
according to the method reported previously
(Naiki and Nakakuki, 1996). Briefly, AB40
solution was incubated at 500 uMm and 37°C for
72 hr without previous removal of the preexist-
ing seeds. After incubation, newly formed
A 40 fibrils were precipitated by ultracentrifu-
gation. The resultant pellets were subjected to
sonication. Protein concentrations of the solu-
tions containing AB40 fibrils were determined
using a protein assay kit {Bio-Rad, Hercules,
CA) as described previously (Bradford, 1976).
The AB40 solution quantified by amino acid
analysis was used as the standard, Aliquots
of the solution were stored at —80°C until use,

Preparation of liposomes. Cholesterol and
sphingomyelin (Sigma, St. Louis, MO) and GM1
{Wako, Osaka, Japan) wete dissolved in chloro-
form/methanol (1:1) ata molar lipid ratio of 2:2:1
to generate GM1-containing liposomes. GM1-
lacking liposormnes were prepared by mixing cho-
lesterol and sphingomyelin at a molar lipid ratio
of 1;1. The mixtures were stored at —80°C until
use, Immediately before use, the lipids were resus-
pended in TBS ata GM1 concentration of 2.5 mm
and subjected to freezing and thawing. The lipid
suspension was centrifuged once at 15,000 X gfor
15 min, and the resultant pellet was resuspended
in TBS. Finally, the suspension was subjected to
sonication on ice.

Thioflavin T assay, The assay was performed
according to a method described previously
(Naiki and Gejyo, 1999} on a spectrofluoro-
photometer (RF-5300PC; Shimadzu, Tokyo,
Japan). Optimum fluorescence measurements
of amyleid fibrils were obtained at the excita-
tion and emission wavelength of 446 and 490
nm, respectively, with the reaction mixture
(1.0 ml) containing 5 uM thioflavin T (ThT}
(Sigma) and 50 mwm glycine-NaOH buffer,
pH 8.5. Fluorescence was measured immedi-
ately after making the mixture. The AR (AB40
and AB42) solution described above was incu-
bated at 37°C with liposomes at an AB concen-
tration of 50 um at a GM1/A molar ratio
of 10:1.

Detection of AB oligomers by $DS-PAGE. The
AP40 solution described above was incubated
with liposomes at an AS concentration of 50 um
at a GM1/AB molar ratio of 10:1 for 24 hr at
37°C and then centrifuged at 100,000 X g for 15
min. The supernatant was subjected to SDS-
PAGE after glutaraldehyde treatment (LeVine,
1995) to stabilize oligomeric AB during SDS-
PAGE. The Af in the gel was detected by West-
ern blotting using BAN052, a monoclonal anti-
body specificto the N terminus of AB {Suzuki et
al., 1994), as reported previously (Yanagisawa
etal., 1995).

Experiments using animal models. All experi-
ments using animals were performed in com-
pliance with existing laws and institutional
guidelines. For experiments using nonhuman
primates, animals were anesthetized with pen-
tobarbital (25 mg/kg, i.p.) and killed by drain-
ing blood from the heart.

Cell culture. Cerebral cortical neuronal cul-
tures were prepared from Sprague Dawley rats
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at embryonic day 17 as described previously (Michikawa and Yanagi-
sawa, 1998). The dissociated single cells were suspended in a feeding
medium and plated onto poly-p-lysine-coated 12-well plates at a cell
density of 2.5 X 10%well. The feeding medium, N2, consisted of
DMEM-F-12 containing 0.1% bovine serum albumin fraction V solu-
tion (Invitrogen, Gaithersburg, MD) and N2 supplements, The reagents
examined, including TBS, AB40, GM1-lacking liposome, and GMI-
containing liposome in the absence or presence of AB40, were prepared
as described above. For treatment, at 24 hr after plating, the culture
medium was changed with fresh N2 medium diluted with the same vol-
ume of each reagent solution. At 48 hr after the commencement of the
treatment, phase-contrast photomicrographs of each culture were taken,
and the cells were stained with propidium iodide, which selectively per-
meates the broken membranes of dying cells and stains their nuclei, and
with a viable cell-specific marker, calcein AM, as described previously
(Michikawa and Yanagisawa, 1998). Photomicrographs were taken by
laser confocal microscopy (Zeiss, Oberkochen, Germany) and the num-
ber of viable neurons on each micrograph was determined in each mi-
croscope field (40X objective). Two hundred to 500 cells were counted
for each determination of cell viability. Statistical analysis was performed
using ANOVA,

Production of 4396C. The IgGG monoclonal antibody 4396C was pro-
duced by the genetical class-switch technique (Binding and Jones, 1996)
from IgM hybridomas that were raised against GA purified from an AD
brain. The procedures for the generation and characterization of the
original IgM monoclonal antibody 4396 were reported previously
(Yanagisawa et ak,, 1997).

Immunoelectron microscopy. GM1-containing and GMI-lacking lipo-
somes were mixed with soluble AB40 on ice for 5 sec at a weight ratio of
lipid/A P40 at 100:3. The mixtures were immediately ultracentrifuged to
remove unbound Ap40, and liposome pellets were fixed for immuno-
electron microscopy of 4396C or isotype-matched control IgG staining.
They were then incubated with gold-tagged goat anti-mouse IgG. AB40
fibrils formed by the extension reaction of AB40 seeds (10 pg/ml) with
seed-free Af340 (50 pm) as described above, were also subjected to im-
munoelectron microscopy of 4396C, isotype-matched control IgG, or
4G8 (Kim et al,, 1988) staining. The first antibodies and control IgG were
diluted at 1:100 using PBS containing 1% bovine serum albumin
(PBS-BSA).

Quantitative binding assay. GM1-containing liposomes and GM1-
lacking liposomes were mixed with soluble AB40 at various concentra-
tions (2.5~25 pwm} by vortexing for 60 sec, and the mixtures were ultra-
centrifuged at 540,000 X g for 10 min to remove unbound AB340. Then,
4396C and isotype-matched control IgG, at a concentration of 10 ug/ml
in PBS-BSA, were incubated with the liposomes at room temperature for
60 min. After incubation, the mixtures were ultracentrifuged at
540,000 X g for 20 min, and the resultant pellets were washed with
PBS-BSA to remove the unbound antibody. The levels of IgG bound to
the kiposomes were determined after the incubation of liposomes with
peroxidase-conjugated goat anti-mouse IgG using c¢yanogen bromide
Sepharose CL4B-bound 4396C as the standard.

Dot blot analysis. Liposomes carrying GA3 were prepared by mixing
GM1-containing liposomes with soluble A (A540 and AB42) on ice for
5 sec at a weight ratio of lipid/Af at 100:3. The liposomes, and AB and
GM1, in amounts equal to those contained in blotted liposomes (300 and
600ng of AB; 2 and 4 ug of GM1}, were blotted. The blots were incubated
with 4396C (1:1000}, BAN052 (1:5000), HRP-conjugated cholera toxin
subunit B (CTX) (1:20,000), or the isotype-matched control IgG {1:
1000). The blots incubated with 4396C, BANDS2, or control IgG were
then incubated with horseradish peroxidase-conjugated anti-mouse IgG
(Invitrogen). The bound-enzyme activities were visualized with an ECL
system (Amersham Biosciences, Buckinghamshire, UK).

Inhibition assay of AB aggregation. Soluble AB40 (50 uM) was incu-
bated at 37°C with GM 1-containing liposomes {GM1/AS molar ratio of
10:1) or preformed AB40 seeds (10 pg/ml), which were prepared as
described above, and an antibody (43%6C or 4G8) at various concentra-
tions. AB40 aggregation levels in the mixtures were determined by ThT
assay.

Hayashi et al. » A Seed for Alzheimer Amyloid

Neuronal survival
(% of control)

Figure2. Viability of neurons treated with AB40 incubated in the presence of GMT gangli-
aside. Phase-contrast and calsein AM- ethidiumhomodimer-stained photographs of cultured neu-
rons were taken after treatment with TBS (g, b), A340 (¢, ), GM1-lacking liposomes (e, f), GM1-
lacking lipesomes plus Af340 { g, k), GM1-containing liposomes {7, ), and GM1-containing liposormes
plus ABAD (k, /). m, Viable cells stained with calcein AM were counted. The data represent means +
SEfor triplicate samples. *p << 0.003 versus other treatments, Scale bars, 20 um.
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Figure 3. Characterization of the binding specificity of 4396C. @, Immunoelectron micro-
graphs of liposomes, GM1-containing and GM1-lacking liposomes were subjected to immuno-
electron microscopy of 4395C or isotype-matched control IgG staining after incubation with
soluble A340. GM1{+), GM1-¢ontaining liposomes; GM1{—), GM1-Jacking lipesomes. Scale
bar, 50 nm. b, Quantitative assay of binding of 4396( to liposemes. GM1-containing fiposomes
were incubated with 4396C {diamaonds) or isotype-matched control lg6 {filled squares) after
their mixing with soluble A340 at indicated concentrations. GM1-facking liposomes were also
incubated with 4396C (triangles) orisotype-matched control lgG { X symbols). Ab, Antibody. ¢,
Dot blot analysis. Left, Liposomes camying GAS (GA340}, A340, and GM1 in amounts equal to
those contained in blotted liposomes (300 and 600 ng of A340; 2 and 4 g of GM1) were
blotted. The blots were incubated with 4395C, BANOS2, BRP-conjugated CTX, or isotype-
matched control IqG. Right, Liposomes carrying GA (GA[340 and GA[342), prepared using
Af340 or AR42, and A B40 and A 342 in amounts equal ta thase contained in GA340 and
GA[342 {600 ng of each peptide) were blotted. The blats were incubated with 4396C. d, [nhibi-
tion of amyloid fibril formation from soluble A340 by 4396¢. Left, Soluble AB40 was incubated
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Immunohistachemistry. Sections of cerebral cortices of human brains,
which were fixed in 4% formaldehyde or Kryofix (Merck, Darmstadt,
Germany) and embedded in paraffin, were immunolabeled with 4396C
(10 pg/ml) or 4G8 (1 ug/ml) after pretreatment with formic acid (99%)
or SDS (4%). Sections of cerebral cortices of nonhuman primates at
various ages {4, 5, 17, 19, 20, 30, and 36 years old) were fixed with 1%
paraformaldehyde and subjected to immunohistochemistry with 4396C
(10 ug/mil). For double staining with 4396C and BAN052, we first labeled
4396C with FITC to distinguish its reaction from that of BAN052. The
binding of BAN052 was detected using Alexa 568-conjugated anti-mouse
IgG (Molecular Probes, Eugene, OR). For double staining with 4396C
and CTX, we used a zenon one-mouse IgG2a labeling kit (Molecular
Probes) for the previous conjugation of 4396C with Alexa 568. For GM1
detection, we used FITC-conjugated cholera toxin subunit B (Sigma).
Autofluorescence was blocked by pretreatment with Sudan Black B (To-
kyo Kasei Kogyo Company, Tokyo, Japan}.

Immunoprecipitation. Immunoprecipitation of GAf8 from nonhuman
primate brains was performed as described previously (Yanagisawa and
Thara, 1998). Briefly, cerebral cortices of primates were Dounce homog-
enized with 9 vol of TBS, pH 7.6. Homogenates were subjected to sucrose
density gradient fractionation to obtain the membrane fraction, The
membrane fraction was dried and then directly labeled with 4396C (5
pg/ml) after sonication on ice. After 1 hr incubation, the mixtures were
centrifuged at 15,000 X g for 10 min to remove the unbound antibody.
The pellets were washed with TBS and solubilized in radicimmunopre-
cipitation assay buffer (0.1% SDS, 0.5% deoxycholic acid, and 1% NP-40)
for 5 min and then centrifuged at 15,000 X g for 10 min. Supernatants were
collected and diluted with TBS. Protein G Sepharose (PGS) (Amersham
Biosciences, Piscataway, NJ), which had been precoated with goat anti-
mouse IgG, was added to the supernatants. Finally, PGS pellets were thor-
oughly washed with TBS containing 0.05% Tween 20.

Results
Kinetics of A fibrillogenesis in the presence of
GM1 ganglioside
As reported previously (Naiki et al.,, 1998; Ding and Harper,
1999), the removal of preexisting seeds is critical in the kinetic
study of AB fibril formation in vitro. The ThT fluorescence inten-
sity of AB42 solutions without removing undissolved peptide
aggregates, which can act as preexisting seeds, started to increase
as early as 1 hr of incubation at 50 uM and 37°C (Fig. la). In
contrast, the ThT fluorescence intensity of sced-free AB42 solu-
tions did notincrease as long as 6 hr of incubation under the same
conditions (Fig. 1a). The ThT fluorescence intensity of AB40
solutions without removing undissolved peptide aggregates
started to increase after 4 d of incubation at 50 um and 37°C (Fig.
la); however, the seed-free AB40 solutions incubated under the
same conditions did not show any increase in the ThT fluores-
cence intensity at this point (Fig. 1a). Thus, to investigate the
molecular process of GAB-initiated Af aggregation, we incu-
bated the seed-free A3 (AB40 and AB42) solutions at 50 pM and
37°C under various conditions, as long as 48 and 6 hr for A340
and AB42, respectively, in the following experiments.

We incubated AB40 solutions in the presence or absence of
GM1-containing liposomes. The ThT fluorescence intensity in-

—

with GM1-containing liposomes in the absence (filled squares) or presence of an antibody
[4396C or 4G8). The molar ratios of 4396( to soluble A{340 were 0.3:50 (triangles}, 1.3:50
(circles), and 4:50 (open squares) and that of 4G8 to A340 was 4:50 (diamands), Right, Soluble
AB40 wasincubated with preformed AB40 fibrils in the absence of an antibody (filled squares}
orin the preseace of 4396(. The molar ratios of 4396 to soluble A 340 were 0.3:50 (triangles),
1.3:50 {circles), and 4:50 {open squares), e, Inmunoelectron micrographs of preformed A340
fibrils. A{340 fibrils were formed by the extension reaction of A340 seeds (16 p.g/ml} with
seed-free AB40 {50 ), as described in Materfals and Methods, and subjected to immuno-
electron microscopy of 4396C, 4G8, of isotype-matched control IgG staining. Scale bar, 50 nm.
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Figured4.
serial sections of the cerebral cortex of an AD brain fixed in Kryofix and pretreated with SDS.
Neurons (amrowheads) were immunastained by 4356C but not by 468, whereas plagues (ar-
rows) were immunostained by 4G8 but not by 4396C. The asterisks indicate the same blood
vessel in the serial sections, Scale bar, 50 zem. b, Immunostaining by 4396C of sections of
cerebral cortices of DS (Yeft) and control (right) brains fixed in Kryofix and pretreated with SO5
(DS, 47 years old; control, 65 years old). Scale bar, 50 um.

Immunohistochemistry of A3 in sections of human brains. g, Immuriestaining of

Table 1. Neuronal immunoreactivity to 4396Cin human cerebral cortices

Score

] 1 2 3 4
Control (22} 4§ 5 12 1 0
AD(5) 0 2 2 1 0
054 0 0 0 1] 2

Intensities of neuranal immunoreactivity to 4396C were semiquantitatively assessed in cerebral cortices obtained
from nandemented individuals (Control), patients with AD, and those with DS, The numbers in parentheses indicate
the number of cases. 0, Absent; 1, weak; 2, moderate; 3, intense; 4, most intense, Ditference in the neuronal
immunoreactivities between control and AD plus DS was significant (p << 0.05, Mentel-Haenszel x* test; p << 0.05,
Cochran-Armitage trand test).

creased without a lag phase after the addition of GM1-containing
liposomes to the AB40 solutions (Fig. 15). In contrast, there was
no increase in the ThT fluorescence intensity of the solutions
containing AP40 alone or AB40 plus GM1-lacking liposomes
during an incubation period of as long as 96 hr (Fig. 1b). By a
semilogarithmic calculation, a perfect linear plot (r = 0.997) was
obtained for the experiment using GM1-containing liposomes
{Fig. 1b, inset). The fluorescence intensity of ThT also increased
in seed-free AB42 solution after the addition of GMI-containing
liposomes (Fig, 1b). Under an electron microscope, typical amy-
loid fibrils were observed in the AB40 solution after 24 hr incu-
bation at 50 puM and 37°C in the presence of GM1-containing
liposomes (Fig. 1¢). These results suggest that AB binds to GM1,
leading to the generation of GAP, and then induces AB fibrillo-
genesis in the manner of a first-order kinetic model (Naiki and

Hayashi et al. » A Seed for Alzheimer Amyloid

Nakakuki, 1996) by acting as a seed; that is, the extension of fibrils
is likely to proceed via consecutive binding of soluble A first
onto GAS and then onto the ends of growing fibrils.

We then investigated whether the formation of AB oligomers
is also acclerated in the presence of GMI ganglioside. We per-
fomed SDS-PAGE of the AB40 solutions incubated at 50 uM and
37°C for 24 hr. Notably, Af oligomers were detected by Western
blotting of the SD$-PAGE in the incubation mixture with GM1-
containing liposomes but was not detected in the incubation
mixture containing AB40 alone (Fig. 1d).

Neurotoxicity of AP incubated in the presence of

GM]1 ganglioside

We then investigated whether AB aggregates formed in the pres-
ence of GM1-containing liposomes are neurotoxic. We incu-
bated AfB40 solutions in the presence or absence of GMI-
containing liposomes for 24 hr and then applied them to a
primary neuronal culture after dilution with N2 media. In this
experiment conducted 48 hr after the commencement of the
treatment, significant neuronal death was observed only in the
culture treated with the AB40 solution incubated in the presence
of GM1-containing liposomes (Fig. 2).

Molecular characterization of GA

To characterize GAS at the molecular level and to clarify the
process of Af aggregation in the presence of GM1, we raised a
menoclonal antibody against natural GAS purified from an AD
brain. In an experiment using immunoelectron microscopy, the
antibody (4396C), but not the isotype-matched control IgG, rec-
ognized artificially generated GAB on liposomes (Fig. 3a). The
specificity of 4396C to GAB was confirmed by quantitative bind-
ing assay (Fig. 3b) and dot blot analysis (Fig. 3c, left). Notably,
4396C did not recognize the unbound forms of AB40 and GM1,
whereas BAN052, a monoclonal antibody specific to the N termi-
nus of A {(Suzuld et al., 1994}, recognized both GAB40 and AS
(Fig. 3¢, left). The 4396C antibody reacted with GMI-bound
forms of two AB isoforms (AB40 and AB42) (Fig. 3¢, right). In the
inhibition assay of AS fibrillogenesis, the increase in the fluores-
cence intensity of ThT of the AB40 plus GM1-containing lipo-
somes was suppressed by 4396C in a dose-dependent manner
(Fig. 34, left). In contrast, the increase in the fluorescence inten-
sity of ThT was not affected by 4G8, a monoclonal antibody
specific to amino acid residues 17-24 of AB (Kim et al,, 1988)
(Fig. 34, left). We then examined the possibility that AS fibrillo-
genesis proceeds with consecutive conformational alteration of
AP at the ends of growing fibrils; that is, GAB and Af at the ends
of growing fibrils share a specific conformation that is required
for AB fibrillogenesis in the manner of a first-order kinetic
model. We incubated AB40 solutions with 4396C in the presence
of preformed AB40 seeds instead of GM1-containing liposomes.
Notably, 4396C inhibited the increase in the fluorescence inten-
sity of ThT under this condition in a dose-dependent manner
{Fig. 3d, right). To further examine this possibility, we performed
immunoelectron microscopy using preformed Ap40 fibrils. In
this experiment, 4396C bound only to the ends but not to the
lateral sides of the fibrils, whereas 4G8 bound only to the [ateral
sides (Fig. 3e).

GAp generation in the brain

Having established the specificity of 4396C, we then aimed to
detect GAS in the brain by immunochistochemistry. We first per-
formed routine immunohistochemistry: that is, fixation in form-
aldehyde and enhancement of immunoreactivity by formic acid
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negative results that usually occur when
using formaldehyde-fixed sections (Boon
and Kok, 1991), and we also pretreated
sections with SDS, which is known to im-
prove immunostaining (Barrett et al.,
1999). With these procedures, neurons in
the cerebral cortices of AD brains were im-
munestained by 4396C (Fig. 4a). Al-
. though neuropil staining was rather
4. strong, plaques were not recognized by

4396C (Fig. 4a). In contrast to staining by

. 4396C, 4G8 immunostained plaques but
ao Y é did not react with neurons (Fig. 4a). We

) ' performed immunohistochemistry of ce-
rebral cortices of 22 nondemented control
individuals (36-%1 years old), which in-

BANOS2

Prolot 298l

4396C/BAN0S2 B8
4396C/CTX

Figure5,

blotted and reacted with BANDS2 or HRP-conjugated (T,

or microwave treatment of brain sections. Under these condi-
tions, no immunostaining by 4396C was observed in AD brains
(data not shown), suggesting that the conformation of GAB is
sensitive to the procedures of conventional immunchistochem-
istry. Thus, we used an alternative fixation procedure using Kryo-
fix, because it eliminates the possibility of obtaining false-

Immunohistachemistry and immunoprecipitation: of GAS in sections of nonhuman primate brains. o, Immunostain-
ing by4396C of sections of the cerebral cortices of primate brains, which were fixed in paraformaldehyde, from animals of different
ages. Scale bar, 50 zem. Inset, Higher magnification. Scale bar, 20 sem. b, Double immunostaining of sections of the cerebral cortex
of a36-year-old primate brain, which was fixed in paraformaldehyde, afterthe blocking of autefluarescence by pretreatment with
SudanBlack B. Colocalization ofimmunostaining by 4396Cand that by BANOS2 or CTX s shown in the merged image. Scale bar, 25
pm. ¢, Immunoprecipitation of GA[3 by 4396C from cerebral cortices of primates at different ages. Immunoprecipitates were

cluded one amyotrophic lateral sclerosis
patient (44 years old) and two Down’s syn-
drome (DS) patients (47 and 52 years old),
in addition to five AD patients (65-96
years old). The most intense neuronal
staining by 4396C was observed in the
brains of both DS patients (Fig. 4b). In the
sections of control brains, neuronal stain-
ing was absent (Fig. 4b) or at comparable
levels with those of AD brains (Table 1).
These results suggest that GAf can be de-
tected by immunchistochemistry, but
neuronal staining by 4396C under these
conditions can also be nonspecifically in-
duced, probably because of changes that
occur during the agonal and/or postmor-
tem state. Thus, to confirm the immuno-
histochemical detection of GAB, we then
examined fresh nonhuman primate (Ma-
caca fascicularis) brains, which naturally
and consistently develop A deposition at
ages >25 years (Nakamura et al,, 1998).
Cerebral cortices of seven animals at dif-
ferent ages (4, 4, 5, 17, 19, 30, and 36 years
old) were fixed with paraformaldehyde,
because it also preserves tissue and cell sur-
face antigens (Smit et al., 1974), and were
subjected to 4396C immunostaining with-
out pretreatment with SDS. In the sections
obtained from the two older animals, that
is, 30 years old (data not shown) and 36
years old (Fig. 5a), a number of neurons
were strongly immunostained by 4396C
with a granular pattern (Fig. 5a, inset). In
these sections, plaques were immuno-
stained by 4G8 but not by 4396C (data not
shown). In the sections of cerebral cortices
of the five animals at ages <20 years old,
which showed no plaques, the neuronal
staining by 4396C was generally at negligi-
ble levels, and the strong staining was only
occasionally observed in the sections from the 17-year-old (Fig.
5a) and 19-year-old (data not shown) animals. In double immu-
nostaining of the sections obtained from the 36-year-old animat,
intraneuronal staining by 4396C was distinctly colocalized with
that by BAN052 or cholera toxin, a natural ligand specific to GM1
(Fig. 5b). To verify GAS generation in the brain, we performed an
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immunoprecipitation study using 4396C. GA3 was immunopre-
cipitated by 4396C only from the cerebral cortex of the older
animal (Fig. 5¢). These results indicate that GAS is generated in
the brain.

Discussion

In regard to the formation of pathogenic aggregates of constitu-
ent proteins, including AB and prion proteins, the seeded poly-
merization theory was proposed previously (Harper and Lans-
bury, 1997). For the transition of the nontoxic monomeric form
of ABto its toxic aggregated form, the template-dependent dock-
lock mechanism was reported previously (Esler et al., 2000). The
present study supports these possibilities and also indicates thata
seed can be endogenously generated by the binding of an aggre-
gating protein to another molecule as was suggested in the mech-
anism underlying the aggregation of prion proteins (Telling et al.,
1995; Deleault et al., 2003).

To understand the early events in the development of AD and
also to develop tharapeutic strategies, clarification of the time
course of Af fibrillogenesis is fundamentally important. Previ-
ously, Harper et al. analyzed the process of in vitro Af assembly
using an atomic force microscope at a fine resolution. They re-
ported that protofibrils, transient species of AS assembly, are
formed during the first week of incubation of AB40 before ma-
ture fibrils are generated (Harper et al,, 1997a,b, 1999; Ding and
Harper, 1999). This model of Af assembly was supported by a
recent study of Nichols et al. (2002). In the present study, we
examined the acceleration of AS aggregation in the presence of
GM1 ganglioside. In the EM examination of the present study, we
observed mature fibrils in A 340 solutions incubated at 50 um and
37°C for 24 hr, but protofibrils were hardly recognized (Fig. 1¢).
This discrepancy is likely to mainly stem from the presence or
absence of GM1-containing liposomes and the differences in in-
cubation period and peptide concentrations. Additional careful
examination at a much greater resolution is required; however,
the molecular process of AB fibrillogenesis in the presence of
GM1 ganglioside may be different from that initiated by sponta-
neous nucleation from seed-free AB solution.

From the results of molecular characterization of GAS3 in the
present study, it seems likely that AB adopts an altered confor-
mation at its midportion through binding to GM1 because GAJS
was readily recognized by BAN052, an antibody specific to the N
terminus of AB, and 43%6C comparably recognized two AfS iso-
forms with different lengths at their C termini. This possibility is
supported by the following: first, 4G8, an antibody specific to the
midportion of AS, failed to react with GA 3 in the inhibition assay
of AB aggregation; and second, BAN052, but not 4G8, immuno-
precipitated GAB from the cerebral cortex of an AD brain in our
previous study (Yanagisawa and Thara, 1998). The conforma-
tional epitope for 4396C on the AS molecule remains to be de-
termined; however, the results of the present study suggest that
the 4396C-reactive conformation, which is shared by GAB and
AP at the ends of fibrils, is necessary for AB fibrillogenesis. Be-
cause amyloid fibrils composed of various proteins share a com-
mon structure that is readily recognized by Congo red, it may be
interesting to study in the future whether the 43%6C-reactive
conformation is shared by seed or oligomer of other amyloido-
genic proteins. Regarding this, we must draw attention to a recent
report by Glabe and his colleagues (Kayed et al., 2003): they have
successfully generated an antibody that potentially recognizes the
common structure of soluble amyloid oligomers. Their results
suggest that the oligomers have a conformation that is distinct
from those of soluble monomers and amyloid fibrils.
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In this study, only careful immunohistochemistry allowed us

" to visualize seed molecules, suggesting that we may likely fail to

detect some population of seed molecules unless their conforma-
tions are preserved during immunohistochemistry. This may also
be the case with other neurodegenerative diseases in which seed
molecules are likely to play a critical role in the initiation of
aggregation of soluble proteins. In this study, it remains to be
clarified why 4396C did not immunostain plaques in which the
ends of amyloid fibrils were supposed to exist. Possible explana-
tions for this failure are as follows; first, the number of epitopes
that can be recognized by the antibody may be limited, as was
clearly indicated by immunoelectron microscopy using fibrils;
second, we may have lost their immunoreactivities because of
their higher susceptibility to treatment in immunchistochemis-
try than GApB; and third, the ends of amyloid fibrils may have
been masked or modified in the brain (Shapira et al., 1988; Roher
etal, 1993). '

A challenging subject of studies in the future is determining
how and where GAJ is generated in the brain. Regarding this
issue, we favor the possibility that GAB is generated in GM1- and
cholesterol-rich microdomains such as lipid rafts (Parton, 1994;
Simons and Ikonen, 1997), because of the following: (1) lipid
rafts contain soluble and insoluble A 8s under physiological (Lee
et al., 1998; Morishima-Kawashima and lhara, 1998) and patho-
logical (Sawamura et al., 2000) conditions, respectively; (2) amy-
loidogenic processing of the amyloid precursor protein is associ-
ated with lipid rafts (Ehehalt et al., 2003); and (3) the aggregation
of soluble A8 is readily induced by its interaction with lipid raft-
like mode!l membranes (Kakio et al., 2003). We found recently
that A binding to GM1 is markedly accelerated in a cholesterol-
rich environment and that, in such an environment, GM1 forms
acluster that can be recognized by soluble A as a receptor (Kakio
etal., 2001). The alteration of cholesterol content in the AD brain
is a controversial issue; however, it is noteworthy that cholesterol
content in the outer leaflet of the synaptic plasma membrane can
be increased in association with risk factors for the development
of AD, including aging (Igbavboa et al., 1996) and the expression
of apolipoprotein E allele €4 (Hayashi et al., 2002). Thus, alto-
gether, one possible scenario may be as follows: GA3 is generated
in the lipid rafts or lipid raft-like microdomains in the neuron
because of an increase in the local concentration of cholesterol,
and then, GAP initiates its seed activity to accelerate AS aggrega-
tion after its transport to the neuronal surface and/or shedding
into the extracellular space. Alternatively, GAS itself can be nox-
ious per se because it has been reported previously that the dis-
ruption of membranes (McLaurin and Chakrabartty, 1996) and
alteration of bilayer organization (Matsuzaki and Horikiri, 1999)
can be induced by the generation of GAB on the membranes.
Thus, it may also be worthy to examine in future studies whether
GApB causes impairment of neuronal, particularly lipid raft-
related, functions before extraneuronal AB deposition.

Several studies have suggested that therapeutically useful an-
tibodies can be generated (Solomon et al., 1997; Bard et al., 2000;
Hock et al., 2002; McLaurin et al., 2002; Lombardo et al., 2003).
Together with the finding that GAS has a conformation distinct
from that of soluble AB, it may be possible to develop a novel
therapeutic strategy to specifically inhibit the initiation of oli-
gomerization—polymerization of AS in the brain.
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Behavioral Alterations in Response to Fear-Provoking Stimuli and
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The purpose of this study was to examine whether perinatal exposure to two major environmental
endacrine-disrupting chemicals, bisphenol A (BPA; 0.1 mg/kg/day orally) and nonylphenol [NP;
0.1 mg/kg/day (low dose) and 10 mg/kg/day (high dose) orally] daily from gestational day 3 to
postnatal day 20 (transplacental and Jactational expasures) would lead to behavioral alterations in
the male offspring of F344 1ats. Neither BPA nor NP exposure affected behavioral characteristics
in an open-field test (B weeks of age), in 2 measurement of spontaneous motor activity (12 weeks
of age), or in an clevated plus-maze test (14 weeks of age). A passive avoidance test {13 weeks of
age) showed that both BPA- and NP-treated offspring tended to delay entry into a dark compart-
ment. An active avoidance test at 15 weeks of age revealed thar BPA-treated offspring showed sig-
nificantly fewer avoidance responses and low-dose NP-treated offspring exhibited slighely fewer
avoidance responses. Furthermore, BPA-treated offspring significantly increased the number of
failures to avoid elecrrical unconditioned stimuli within 5-sec electrical shock presentation com-
pared with the control offspring. In a monoamine-disruption test using 5 mg/kg (intraperitoneal)
tranylcypromine (Tcy), 2 monoamine oxidase inhibitor, both BPA-treated and low-dose
NP-teated offspring 2t 22-24 weeks of age failed to show a significant increment in locomotion
in response to Tcy, whereas control and high-dose NP-treated offspring significantly increased
lecomotion behavior after Tey injection. In addition, when only saline was injected during a
tnonoamine-disruption test, low-dose NP-treated offspring showed frequent rearing compared
with the control offspring. The present results indicate that perinatal law-dose BPA or NP expo-
sure irceversibly influenced the reception of fear-provoking stimuli (e.g., electrical shock), as well
as monoaminetgic neural pathways. Key words: behavior, bisphenol A, fear, learning, monoamine,
nonylphenol. Environ Health Perspece 112:1159-1164 (2004). doi:10.1289/ehp.696] available
via heep://ds.doi.org/ [Online 26 May 2004]

Recently, there has been increasing concern
abour the exposure of the developing fetus to
environmental endocrine-disrupting chemi-
cals (EDCs). The disruption of cognitive
function and various behavioral traits due to
EDC exposure has been suspected {Schantz
and Widholm 2001) because the develop-
ment of the central nervous system (CNS} is
highly regulated by endogenous hormones
directly, including gonadal hormones, and by
hormonally regulated events that occur early
in development. The main purpose of this
study was to examine whether perinaral expo-
sure to two well-known environmental
EDCs, bisphenol A (BPA) and nonylphenol
(NP), can lead to behavioral alterations in the
male offspring of F344 rats.

BPA (4,4’ -isopropylidene-2-diphenol) is a
high-production-volume chemical used in the
manufacrure of polycarbonate plastics, epoxy
resins, and polyester resins. Worldwide produc-
tion of BPA has increased and will most likely
continue to increase in the furure (Scaples et al.
1998). Human exposure to BPA can occur via
BPA-containing products included in certain
baby bottles, food containers, resin-based

food can linings, and dental sealants. Previous
reports revealed that BPA had estrogenic
{Gaido et al. 1997; Laws et al. 2000), and
antiandrogenic {Sohoni and Sumpter 1998)
activity in #n vitre and in vive assays. More
recent studies have also identified BPA as an
antiandrogen by a yeast two-hybrid system
(Lec er al. 2003) and as an antagonist to thy-
roid hormone activity (Moriyama et al.
2002). These various activities of BPA might
exert complicated adverse effects on CNS
development because endogenous hormenes
at appropriate levels at cereain limited devel-
opmental stages are essential for normal CNS
development.

NP (4-nonylphenol) is another environ-
mental EDC with week estrogenic activity
(White er al. 1994). NP is used as an additive
or surfactant in the manufacture of plastics,
and it is a degradation product of nonylphenol
polyethoxylates, which are widely used. NP
has been shown to have equal or even maore
estrogenic activity than BPA in in vitre and
in vive assays (Laws er al. 2000}, Although
weak androgenic NP activity was identified by
Sohoni and Sumpter (1998), a more recent
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study using a yeast two-hybrid system revealed
the antiandrogenic effects of NP (Lee et al.
2003). NP may thus have different effects
according to the experimental conditions of
each assay system. It is therefore also possible
that NP exerts 2 variety of activities under
in vive conditions.

There have been a number of reports sug-
gesting the adverse effects of perinaral expo-
sure to BPA on various behavioral traits in
laboratory rodents. In mice, exposure to BPA
during fetal development was shown 1o alter
maternal behavior (Palanza et al. 2002) and
enhance a methamphetamine-induced abuse
state (Suzuki et al. 2003). In rats, alteration of
sociosexual behavior (Farabollini et al. 2002),
play behavior (Dessi-Fulgheri ec al. 2002),
and impulsive behavior (Adriani et al. 2003);
reduced response to amphetamines (Adriani
et al. 2003); and reduced behavioral sexual
differentiation (Kubo et al. 2001, 2003) have
been demonstrated after perinatal BPA expo-
sure. In our previous report using F344 rats
(Negishi et al. 2003b), perinatal exposure ro
4 mg/kgl/day BPA significantly affected the
appropriate avoidance responses of offspring
ar 8 weeks of age in a shuttle-box avoidance
test, suggesting that some alteration tock
place in response to fear-provoking stimuli;
these responses are furthermore known to be
controlled by the monoaminergic system
{Gingrich 2002; Giorgi et al. 2003; Inoue
et al. 1994). When these results ate taken
together, it appears that perinatal exposure to
BPA can interfere with the development of
monoaminergic systems, which might in turn
be responsible for subtle behavioral changes.

In contrast, only a few studies have
reported the effects of perinatal NP exposure
on the behavioral traits of the offspring of
experimental animals. Ferguson e al. (2000)
demonstrated toxicity of NP to mothers
and offspring, but found no alterations in
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