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depletion of Ca?* in the ER (Fig. 4, lower graph). It is
interesting that over-expression of PDI or P5 by tran-
sient transfection with expression vectors had no effect
on the viability of SH-SY5Y cells under ER stress (data
not shown). These results suggest that the appropriate
expression level of P5 is significant for neuronal cell
viability especially during ER stress, and these results
are correlated with those of western blot analysis using
patient samples as discussed above.

DISCUSSION

The ER is a target for endogenously generated reac-
tive oxygen species during aging. It was previously
reported that PDI and BiP were oxidatively modified
within the livers of elderly mice [16]. Specific activity
measurements, performed on purified protein samples
obtained from young and old mouse livers, showed
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definite decreases in BiP ATPase activity and dramatic
reductions in PDI enzymatic activity with age. Pro-
tein folding and other PDI- and BiP-mediated activities
are diminished during aging. Furthermore, the rela-
tive loss of these chaperon-like activities could directly
contribute to the age-dependent accumulation of mis-
folded proteins, which is a characteristic of the aging
phenotype [16]. As age is the highest risk factor for
AD, ER chaperon proteins may be decreased with age,
allowing accumulation of misfolded proteins.
Deposition of AP is a major pathological hall-
mark of AD. Recent studies of amyloid- protein
precursor (ARPP) metabolism demonstrated a B/y-
secretase pathway located in the ER that leads to
intracellular generation of soluble ABPP and AR
peptide [17]. Thus, the ER may be a key site of
amyloidogenic ABPP metabolism and AD pathogen-
esis. Metabolic labeling and immunoprecipitation of
transiently transfected human embryonic kidney 293
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cells demonstrated co-precipitation of ABPP with BiP,
revealing their transient interaction in the ER [17].
Maturation of cellular ABPP was impaired by this
interaction. It was previously reported that the protein
level of BiP was increased in the temporal cortex and
hippocampus of AD brain as determined by western
blot analysis and, in particular, the protein level of BiP
was increased in Braak stages B and C for amyloid
deposits [18]. On the other hand, it was also reported
that P5 formed a complex with BiP, and that P5 was a
specific substrate protein for BiP [19]. In the present
study, we found that the protein levels of P5 were
decreased in AD (Fig. 3A, B). It has previously been
shown that BiP is not co-localized with NFTs in AD

brain [11]; however, PS was co-localized with NFTs
in the present study. It is known that PDI prevents
neurotoxicity associated with ER stress and protein
misfolding, but NO can block the protective effect of
the enzyme through S-nitrosylation [9]. This inhibition
of PDI leads to ER stress, which can induce apoptosis.
It was previously shown that PDI was S-nitrosylated
but the level was not increased in AD [9, 15]. In the
present study, we confirmed that the protein level of
PDI was not up-regulated in AD (Fig. 3A, B). But the
protein level of PS5 was down-regulated in AD. The
expression level may depend on the clinical stages. In
addition, we observed S-nitrosylated PS5 in two brains
from patients with AD, but it was never found in
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control brains. As P5 and PDI were S-nitrosylated
in AD, S-nitrosylation of members of the PDI family
may lead to loss of function. Recently, it was reported
that PDI was also S-nitrosylated in amyotrophic lateral
sclerosis [20]. Further investigation is needed to deter-
mine whether S-nitrosylation of PDI or P5 occurs in
other neurodegenerative diseases.

In the present study, we demonstrated the presence
of anti-P5 antibody-immunopositive NFTs. Further-
more, AT8-tau and P5 were co-localized in NFTs.
To our knowledge, this is the first report of P5-
immunopositive inclusion in AD. We assume that NO
inhibited PS5 and led to the accumulation of unfolded
proteins in AD. Abnormally phosphorylated tau or

other proteins may accumulate in NFTs and cause ER

stress in AD. As P5 acts as a chaperon in neurons, i
may bind to tau and become included in NFTs. The co-
localization of P5 and tau in NFTs may be linked to the"
formation of these inclusions. In addition to degenera-
tion of neurons, the cell structure is markedly cﬁéng
in neurodegenerative disease. The ER is darna”ged’énd
P5 may come out of the ER. In many destroyed. pro-
teins, PS5 and tau may be binding strongly a f then they
are co-localized in NFTs. We also found th
down of P5 could decrease the viability ,
cells during ER stress induced by thapsigargin, com-
pared with that of control cells. Taken together, these
findings suggest that the role of PS dunng ER stress is
essential for neuronal cell viability, pamculaﬂy among
aging cells.

A limitation of our study is-that the samples have
serious variation due to the condmo after mortal or
clinical stages. Thus, we currently‘Speculate that the
level of P5 protein would be decreased depending on
the clinical stages of AD, and this'is one of the most
intriguing issues which should make it clearer in our
next study.

In summary, we have demonstrated the presence
of P5-immunopositive NFTs in AD. Furthermore, we
showed that S-nitrosylated PS5 was present and the
expression level of PS5 was decreased in AD brains
compared with that of control brains. We speculate that
P5 may be increased in early stage due to ER stress.
But ER stress was prolonged and then a lot of neuronal
cells were destroyed. Finally, P5 may be decreased in
advanced stage. In addition, we found that ER stress
with PS5 dysfunction can cause neuronal cell death. In
AD, NO may inhibit P5 by inducing S-nitrosylation,
which inhibits its enzymatic activity and thus allows
protein misfolding to occur. The accumulation of mis-
folded proteins induces ER stress, which can cause
apoptosis of neuronal cells. These results suggest that
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PS5 could be a therapeutic target to prevent ER stress in
neuronal cells in AD.
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Abstract Senile plaques comprised of AP aggregates and
neurofibrillary tangles (NFT's) composed of hyperphospho-
rylated tau filaments are the hallmarks of Alzheimer’s dis-
ease (AD). A number of amyloid precursor protein (APP)
transgenic (Tg) mice harboring APP mutations have been
generated as animal models of AD. These mice success-
fully display amyloid plaque formation and subsequent
tau hyperphosphorylation, but seldom induce NFT forma-
tions. We have demonstrated that the APPng-Tg mice,
which possess the E693A (Osaka) mutation in APP and
thereby accumulate Af oligomers without plaques, exhibit
tau hyperphosphorylation at 8 months, but not NFT forma-
tion even at 24 months. We assumed that APP-Tg mice,
including ours, failed to form NFTs because NFT forma-
tion requires human tau. To test this hypothesis, we cross-
bred APPqx-Tg mice with tau-Tg mice (tau264), which
express low levels of 3-repeat and 4-repeat wild-type
human tau without any pathology. The resultant double Tg
mice displayed tau hyperphosphorylation at 6 months and
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NFT formation at 18 months in the absence of tau muta-
tions. Importantly, these NFTs contained both 3-repeat and
4-repeat human tau, similar to those in AD. Furthermore,
the double Tg mice exhibited AP oligomer accumulation,
synapse loss, and memory impairment at 6 months and
neuronal loss at 18 months, all of which appeared earlier
than in the parent APP,q-Tg mice. These results suggest
that Af and human tau synergistically interact to acceler-
ate each other’s pathology, that the presence of human tau
is critical for NFT formation, and that Af oligomers can
induce NFTs in the absence of amyloid plaques.

Keywords AR oligomers - Tau filaments - Synapse loss -
Neuronal loss - Alzheimer’s disease

Introduction

Senile plaques comprised of AB fibrils and neurofibrillary
tangles (NFTs) composed of hyperphosphorylated tau fila-
ments are the hallmarks of Alzheimer’s disease (AD). It
was believed that AB deposition triggers abnormal phos-
phorylation of tau, which leads to NFT formation and neu-
rodegeneration [17]. Based on this hypothesis, a number of
amyloid precursor protein (APP) transgenic (Tg) mice have
been generated as animal models of AD. By introducing
one or more APP mutations identified in familial AD into
the transgene, these mice successfully displayed amyloid
plaque formation and subsequent tau hyperphosphoryla-
tion within neurons surrounding the plaques, but seldom
induced NFT formations [12]. Several groups have estab-
lished mouse models of AD showing both amyloid plaques
and NFTs by crossbreeding mutant APP-Tg mice with
mutant tau-Tg mice [4, 18. 26, 35, 37, 38, 41]. However,
these models do not exactly reflect the pathogenesis of AD,
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since no mutations in tau have been found in AD and since
tau mutations themselves can cause NFT formation in mice
independent of AP deposition [14].

Recent evidence suggests that AB oligomers, rather than
AB fibrils, are the causal molecule in AD [23]. In cultured
rat primary neurons, exogenously added AP oligomers
induced tau hyperphosphorylation and neurodegeneration
[11, 21]. We have shown that the E693A (Osaka) muta-
tion in APP, which was found in Japanese pedigrees with
familial AD, causes disease by enhancing Af oligomeriza-
tion without amyloid plaque formation [47]. We generated
APP-Tg mice harboring this mutation (APPgx-Tg mice)
to study the pathological roles of Af oligomers in AD in
vivo [46]. The levels of expression of human APP in the
mice were almost the same as those of endogenous mouse
APP. The APP¢x-Tg mice showed intraneuronal accumu-
lation of AB oligomers, synapse loss, and memory impair-
ment at 8§ months and eventual neuronal loss at 24 months.
Tau hyperphosphorylation also occurred at 8 months, but
NFT formation did not even at 24 months. We assumed
that APP-Tg mice, including ours, failed to form NFTs
because these mice lacked certain factors necessary for
NFT formation.

The formation of NFTs in old age has been reported to
occur not only in humans but also in other species, includ-
ing chimpanzees [39], baboons [40], cynomolgus mon-
keys [36], cheetahs [42], and cats [6]. On the other hand,
mice and rats are known not to form NFTs. We compared
the amino acid sequences of tau across humans, chimpan-
zees, cats, and mice, which are available from the NCBI
database. We found apparent differences in amino acid
sequence between human and mouse tau, particularly in the
N-terminal regions. In contrast, chimpanzee tau is almost
identical to human tau and cat tau shows higher structural
homology with human tau than with mouse tau. These
observations led us to hypothesize that NFT formation
requires certain sequences which exist in human tau but not
in mouse tau.

To elucidate this possibility, here we generated dou-
ble Tg mice by crossbreeding APPyqx-Tg mice with our
wild-type human tau-Tg mice. The tau-Tg mice, originally
referred to as line 264 and hereafter termed tau264, were
designed to express both 3-repeat (3R) and 4-repeat (4R)
human tau at a comparable ratio to that in adult human by
inserting tau intronic sequences into both sides of tau exon
10 in the transgene [48]. The levels of expression of human
tau in tau264 mice were only 10 % those of endogenous
mouse tau, and no pathological changes were observed
even at 24 months. The resultant double Tg mice displayed
tau hyperphosphorylation at 6 months and NFT formation
at 18 months in the absence of tau mutations. Importantly,
these NFT's contained both 3R and 4R human tau, similar
to those in AD [15]. Furthermore, double Tg mice exhibited
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intraneuronal accumulation of Af oligomers, synapse loss,
and memory impairment at 6 months and neuronal loss at
18 months, all of which appeared earlier than in the par-
ent APPg-Tg mice. These results suggest that AB and
human tau synergistically interact to accelerate each other’s
pathology and that the presence of human tau is critical for
AB-induced NFT formation. Our findings also indicate that
AB oligomers can induce NFTs in the absence of amyloid
plaques.

Materials and methods
Generation of double Tg mice

Heterozygotes of the APPqg-Tg mice [46], which
express human APP695 with the Osaka mutation under
the mouse prion promoter, were mated with heterozygotes
of the tau264 mice [48], which express 3R and 4R wild-
type human tau by the presence of tau intronic sequences
under the mouse calcium/calmodulin-dependent kinase
Ha promoter. The siblings were examined for their geno-
type by genome PCR and were accordingly divided into
four groups: non-Tg, APPygk-Tg, tau264, and double Tg
expressing both APP,qx and wild-type human tau. The
single and double Tg mice were heterozygous for each
transgene of interest and have the same genetic background
as C57BL/6 mice. All animal experiments were approved
by the ethics committee of Osaka City University (Osaka,
Japan) and were performed in accordance with the Guide
for Animal Experimentation, Osaka City University. Every
effort was made to minimize the number of animals used
and their suffering.

Antibodies

Rabbit polyclonal antibodies reactive to both human and
mouse tau (pool-2) [45], specific to 4R tau (R2) [45], and
reactive to both human and mouse AB (B001) [28] were
prepared in our laboratory. The mouse monoclonal anti-
body to pSer396/Ser404-tau (PHF-1) was a kind gift from
Dr. Peter Davies (Department of Pathology, Albert Einstein
College of Medicine, Bronx, NY). Mouse monoclonal anti-
bodies specific to human APP (6E10; Covance, Princeton,
NJ), AP oligomers (11A1; IBL, Fujioka, Japan), human
tau (taul2; Abcam, Cambridge, UK), 3R tau (RD3; Merck
Millipore, Billerica, MA), 4R tau (RD4; Merck Millipore),
pSer202/Thr205-tau (AT8; Thermo Scientific, Waltham,
MA), synaptophysin (SVP-38; Sigma, St. Louis, MO), the
mature neuron marker NeuN (Chemicon, Temecula, CA),
and rabbit antibodies specific to the postsynaptic density
protein PSD-95 (Cell Signaling Technology, Danvers, MA)
and actin (Sigma) were purchased.
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Western blot

Mouse brains (n = 4 for each group) were homogenized
by sonication in 4 volumes of 50 mM Tris-HCI, pH 7.6,
150 mM NaCl (TBS) containing protease inhibitor cocktail
(P8340; Sigma). The homogenates were subjected to SDS-
PAGE with 7 % NuPage Tris—Acetate gels (Invitrogen,
Carlsbad, CA) and transferred to PVDF membranes (Mil-
lipore). APP, tau, and actin were probed with 6E10, taul2,
and anti-actin antibodies followed by HRP-labeled second
antibodies and the chemiluminescent substrate Immobilon
Western (Millipore). Signals were visualized and quantified
using a LAS-3000 luminescent image analyzer (Fujifilm,
Tokyo, Japan).

The homogenates (n = 3—4 for each group) were frac-
tionated by three-step ultracentrifugation including TBS,
N-lauroylsarcosinate (sarkosyl), and guanidine hydrochlo-
ride (GuHCI) extraction, as described previously [48]. The
GuHCl-extracts were 400-fold diluted in TBS containing

P8340 and concentrated into the initial volumes using Ami-
con Ultra 30 K filter devices (Millipore). The 30 K flow-
through fractions were pooled for detection of low-n AB
oligomers (see below). Phosphorylated tau in the TBS- and
neutralized GuHCl-extracts was detected by Western blot
with PHF-1 and ATS antibodies. Aliquots of the TBS- and
neutralized GuHCl-extracts were treated with 400 U/ml
(approximately 80 U/mg protein) of calf intestinal alkaline
phosphatase (New England Biolabs, Ipswich, MA) at 37 °C
overnight, as described previously [48]. Dephosphorylated
tau in the treated samples was probed with taul2, RD3 and
RD4 antibodies.

For detection of AP oligomers higher than 30 kDa, the
TBS- and neutralized GuHCl-extracts were applied onto
7 % Tris—Acetate gels, transferred to PVDF membranes,
and stained with 001 antibody after the membranes were
boiled in PBS for 10 min. To detect low-n A oligomers,
AB in the TBS-extracts and the 30 K flow-through fractions
of GuHCl-extracts were immunoprecipitated with 6E10
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Fig. 1 Expression levels of human APP and tau in double Tg mice.
a Brain homogenates from 6-month-old mice were subjected to
Western blot with human APP-specific 6E10 antibody and anti-actin
antibody. Non non-Tg mice, Double double Tg mice. b No signifi-
cant difference in the expression level of human APP was observed
between parent APPogg-Tg mice and double Tg mice. AU arbitrary
unit. ¢ Brain homogenates from 6-month-old mice were subjected to
Western blot with human tau-specific taul2 antibody and anti-actin
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Tau264 Double

antibody. M recombinant human tau 6 isoforms. d No significant dif-
ference in the expression level of human tau was observed between
parent tau264 mice and double Tg mice. e TBS-extracts from the
brains of 6-month-old mice were treated with alkaline phosphatase
(AP) and subjected to Western blot with taul2 antibody. f No signifi-
cant difference in the ratio of 4R/3R tau was observed between parent
tau264 mice and double Tg mice
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antibody, applied onto 12 % NuPage Bis-Tris gels, and
stained with 001 antibody after boiling the membranes.

Immunohistochemistry and Gallyas silver staining

Mice (n = 4-6 for each group) were perfused with 4 % par-
aformaldehyde, and the brains were removed, embedded
in paraffin, and sectioned at 5 pm. AR accumulation and
tau phosphorylation at 4, 6, 8, 12, 18, and 24 months, syn-
apse loss at 6 and 12 months, and neuronal loss at 18 and
24 months were examined by immunohistochemistry, as
described previously [46, 48]. Tangle formation was exam-
ined by Gallyas silver staining at 12, 18, and 24 months,
as described previously [48]. The co-localization of 3R
and 4R tau in cytoplasmic inclusions was examined at
24 months by double immunostaining with R2 and RD3
antibodies followed by FITC- and rhodamine-labeled sec-
ond antibodies. Specimens were observed under a BX50
microscope (Olympus, Tokyo, Japan) and a Leica TCS SP5
confocal laser microscope (Leica, Wetzlar, Germany). AB
oligomer accumulation was evaluated at 6 and 12 months
by quantifying 11Al-positive areas in each photograph
using NIH Imagel software. Synapse loss was assessed by
quantifying synaptophysin and PSD-95 fluorescence inten-
sities in the apical dendritic-somata field (30 pm x 60 pm)
of the hippocampal CA3 region using NIH Imagel soft-
ware. Neuronal loss was estimated by counting NeuN-pos-
itive cells in an area within 800 pwm along the pyramidal
cell layer of the hippocampal CA3 region and in an area of
1 x | mm in the retrosplenial region of the cerebral cortex.

Golgi staining

Dendritic spines were examined at 6 months by Golgi
staining using the FD Rapid GolgiStain Kit (FD Neuro-
technologies, Ellicott City, MD). Mice (n = 1-2 for each
group) were perfused with 4 % paraformaldehyde, and the
brains were removed and processed according to the man-
ufacturer’s instructions. After impregnation, brains were
cut into 100 pwm sections using a cryostat at —20 °C and
mounted on gelatin-coated microscope slides. The sections
were air-dried, stained, dehydrated, and coverslipped with
Permount Mounting Medium (Fisher Scientific). Speci-
mens were observed under a BX51 microscope (Olympus).

Immunoelectron microscopy

Tau filament formation was examined by post-embedding
immunoelectron microscopy at 12, 18, and 24 months, as
described previously [48]. Mouse brains (n = 1-2 for each
group) were fixed in 4 % paraformaldehyde, 2.5 % glu-
taraldehyde, then 1 % osmium tetroxide, and embedded in
epoxy resin. 70 nm-thick ultrathin sections were prepared
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Fig. 2 Accelerated accumulation of intraneuronal AP oligomers inp
double Tg mice. a Brain sections were stained with AP oligomer-
specific 1TA1 antibody at various ages. APPgx-Tg mice exhibited
intraneuronal accumulation of AP oligomers in the hippocampal CA3
region, cerebral cortex (CTX), and to a lesser extent the hippocam-
pal CA1 region at 8 months. Double Tg mice displayed intraneuronal
accumulation of AP oligomers in the CA3 region, cerebral cortex, and
to a lesser extent the CA1 region at 6 months, which is earlier than
parent APPqg-Tg mice. Scale bar 30 pm. b 11Al-positive areas
in each photograph were quantified at 6 and 12 months using NIH
Imagel) software. Data are given as mean = SEM (n = 5 for non-
Tg and APPqgg-Tg at 6 months, 7 = 4 for tau264 and double Tg at
6 months, n = 5 for non-Tg, APPyg¢-Tg and tau264 at 12 months,
n =4 for double Tg at 12 months)

and placed on H75-mesh carbon-coated copper grids. The
sections were blocked with 5 % BSA/PBS and incubated
with pool-2 antibody followed by 10 nm gold particle-
labeled second antibody (AuroProbe EM GAR G10; Amer-
sham). The specimens were then stained with 2.5 % lead
citrate and 5 % uranyl acetate and viewed under an H-7500
electron microscope (Hitachi High-Technologies, Tokyo,
Japan).

Behavioral tests

Spatial reference memory in mice was assessed at 6 months
using the Morris water maze, essentially as described pre-
viously [46]. Male mice (n = 5-10 for each group) were
trained to swim to a hidden platform for five consecutive
days. Training consisted of five trials per day with intertrial
intervals of 5 min, and the time required to reach the plat-
form was measured in each trial. Locomotor activities of
the mice were examined by an open-field test [46].

Statistical analysis

Comparisons of means among more than two groups
were performed with ANOVA followed by Fisher’s PLSD
test. Differences with a p value of <0.05 were considered
significant.

Results
Expression levels of human APP and tau in double Tg mice

To investigate the role of human tau in NFT formation, we
crossbred APPq-Tg mice with tau264 mice. The siblings
were divided into four groups according to their genotype:
non-Tg. APPqg«-Tg, tau264, and double Tg, which express
both APP gk and wild-type human tau. The levels of expres-
sion of APP and tau were examined by Western blot with
human APP-specific 6E10 antibody and human tau-specific
taul2 antibody at 6 months. No significant differences
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were detected in APP expression between APPqq-Tg and
double Tg mice (Fig. 1a, b) or in tau expression between
tau264 and double Tg mice (Fig. 1c, d). The ratio of 3R/4R
human tau was examined in alkaline phosphatase-treated
TBS-extracts using taul2 antibody. Two discrete bands cor-
responding to 4R (upper) and 3R (lower) human tau were
detected, and the ratio in double Tg mice was similar to that
in the parent tau264 mice (Fig. le, ). However, while the
lower bands were clearly stained with RD3 antibody (Suppl.
Fig. 1a), the upper bands were not stained with RD4 anti-
body (Suppl. Fig. 1b). We confirmed that no mutation was
incorporated into tau exon 10 of the transgene by sequenc-
ing genomic DNAs obtained from tau264 and double Tg
mouse tails. It may be that some posttranslational modifica-
tions, such as acetylation at K280 [10], occurred in the RD4
epitope region (275-290 aa) of human tau to prevent the
binding of the antibody.

Accelerated AP accumulation in double Tg mice

Amyloid pathology was examined by immunohistochem-
istry with AB oligomer-specific 11A1 antibody (Fig. 2,
Suppl. Fig. 2). APPg-Tg mice exhibited intraneuronal
accumulation of AP oligomers in the hippocampal CA3
region, cerebral cortex, and to a lesser extent the hippocam-
pal CA1 region at 8 months (Fig. 2a, b). In contrast, double
Tg mice displayed intraneuronal accumulation of Af oli-
gomers in the same regions at 6 months, earlier than that
in the parent APPq-Tg mice (Fig. 2a, b). Neither non-Tg
nor tau264 mice showed 11Al-positive staining even at
24 months (Suppl. Fig. 2a). We confirmed that no amyloid
plaque formation occurred in either APPyg-Tg or double
Tg mice even at 24 months (Suppl. Fig. 2b).

The formation of AB oligomers was also examined by
Western blot with 001 antibody. TBS- and GuHCl-extracts
prepared from APPg¢-Tg and double Tg mice at 6 months
were compared. In 12 % gels, which were used for sepa-
ration of low-n AP oligomers, only AR monomers were
detected in TBS- but not GuHCl-extracts from both APP gk -
Tg and double Tg mice (Suppl. Fig. 2¢). The amount of AB
monomers was slightly higher in double Tg mice than in
APPqs-Tg mice. In 7 % gels, AB oligomers were detected
around 50-60 kDa (corresponding to the 12-mer of AB) in
GuHCI- but not TBS-extracts only from double Tg mice
(Suppl. Fig. 2c¢, d). The result that Af oligomers were
detected only in GuHCl-extracts is in agreement with our
previous observation that A oligomers in APPyg-Tg mice
were detected in brain insoluble fractions at 24 months [46].

Accelerated tau phosphorylation in double Tg mice

Tau pathology was examined by immunohistochemistry
with phosphorylated tau-specific PHF-1 and AT8 antibodies
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Fig. 3 Accelerated abnormal phosphorylation of tau in double Tg»
mice. Brain sections were stained with phosphorylated tau-specific
PHF-1 (a) and ATS8 (b) antibodies at various ages. a In APPqygx-Tg
mice, hippocampal mossy fibers became PHF-1-positive at 8§ months,
but neuronal cell bodies remained negative up to 24 months (Suppl.
Fig. 3c). In double Tg mice, hippocampal mossy fibers became
PHE-1-positive at 6 months, and neuronal cell bodies became posi-
tive in the hippocampal CA3 region and cerebral cortex (CTX) at
12 months, but remained negative in the CA1l region up to 24 months
(Suppl. Fig. 3c). b In double Tg mice, hippocampal mossy fibers
became AT8-positive at 6 months, and neuronal cell bodies became
positive in the hippocampal CA3 region and cerebral cortex at
6 months and in the CA1 region at 12 months. Scale bar 30 pm

(Fig. 3, Suppl. Fig. 3). As reported previously [48], tau264
as well as non-Tg mice showed no pathology even at
24 months (Suppl. Fig. 3a—d). APPyg¢-Tg mice exhibited
PHF-1-positive staining in the hippocampal mossy fibers at
8 months (Fig. 3a), but not in neuronal cell bodies even at
24 months (Suppl. Fig. 3c). These mice showed no ATS-
positive signals even at 24 months (Suppl. Fig. 3b, d). In
contrast, double Tg mice displayed PHF-1-positive and
AT8-positive staining in the hippocampal mossy fibers at
6 months (Fig. 3a, b). Neuronal cell bodies also became
AT8-positive in the hippocampal CA3 region and cerebral
cortex at 6 months and in the CA1 regions at 12 months
(Fig. 3b) and became PHF-1-positive in the hippocampal
CA3 region and cerebral cortex at 12 months (Fig. 3a), but
remained negative in the CAl region even at 24 months
(Suppl. Fig. 3c).

Tau hyperphosphorylation was also examined by West-
ern blot with PHF-1 and AT8 antibodies. Again, TBS- and
GuHCl-extracts prepared from APPgg-Tg and double
Tg mice at 6 months were compared. In PHF-1 staining,
double Tg mice exhibited higher levels of phosphoryl-
ated tau in both TBS- and GuHCl-extracts than APPygk-
Tg mice (Suppl. Fig. 3e, ). In ATS staining, no difference
in positive signals in TBS-extracts was detected between
the two mouse groups, but positive signals in GuHCI-
extracts were higher in double Tg mice than APPnygk-Tg
mice (Suppl. Fig. 3g, h). TBS-extracts prepared from
non-Tg mice also exhibited PHF-1- and ATS-positive
signals, which presumably represent physiological tau
phosphorylation.

Accelerated synapse loss in double Tg mice

An acceleration. of the pathology in double Tg mice
was also observed in the synapses. Our previous study
showed that in APPng-Tg mice, synaptic density in the
hippocampal CA3 region, as assessed by immunostain-
ing of the presynaptic marker synaptophysin, began to
decrease at 8 months [46]. Thus, we compared synaptic
density in the hippocampal CA3 region of the 4 groups at
6 and 12 months. At 6 months, no significant differences



Acta Neuropathol (2014) 127:685-698 691

a 4 mo 6 mo ____8mo ) 12 mo
PHF-1
cAat
APPOsK|CA3
CTXE
CA1
Double | CA3
CTX
b
AT8
CA1
Double | CA3
CTX

@ Springer

48



692

Acta Neuropathol (2014) 127:685-698

Fig. 4 Accelerated synapse
loss in double Tg mice. a Brain
sections from 6- and 12-month-
old mice were stained with an
antibody to the presynaptic
marker synaptophysin. All
images were taken from the
hippocampal CA3 region. Scale
bar 30 wm. b Synaptophysin
fluorescence intensity in the
apical dendritic-somata field
(30 x 60 pwm, rectangle) of the
hippocampal CA3 region was
quantified using NIH Imagel)
software and is shown in arbi-
trary units (AU). Data are given
as mean + SEM (n = 6 for
non-Tg, APPq¢-Tg and tau264
at 6 months, n = 5 for double

12 mo
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in synaptophysin levels were observed among non-Tg,
APPgk-Tg, and tau264 mice, whereas double Tg mice dis-
played significantly lower levels of synaptophysin (Fig. 4a,
b). Synaptophysin levels in double Tg mice further lowered
at 12 months, which is when APPq-Tg mice showed a
significant decrease in synaptophysin levels such that they
became similar to those of double Tg mice (Fig. 4a, b). We
also examined the levels of PSD-95, a postsynaptic density
protein, in the same region. Again, only double Tg mice
exhibited significant lower levels of PSD-95 at 6 months,
and APP¢k-Tg mice displayed a reduction in PSD-95 lev-
els at 12 months to reach levels similar to those of double
Tg mice (Suppl. Fig. 4a, b).

Synapse loss was also examined by Golgi staining of
brain sections at 6 months. We focused on the apical den-
dritic-somata field of the hippocampal CA3 region, since
the reduction of synaptophysin and PSD-95 was detected
in this area. The number and morphology of the dendritic
spines appeared unchanged in APPygx-Tg and tau264 mice
compared with non-Tg mice (Suppl. Fig. 4c). In contrast,
apparent loss and morphological alteration of dendritic
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spines were observed in double Tg mice. This observation
supports the results of synaptophysin and PSD-95 stainings.

Accelerated memory loss in double Tg mice

Our previous studies revealed that cognitive function of
mice declines concomitantly with synapse loss in the hip-
pocampus [46, 48]. Thus, we assessed spatial reference
memory of double Tg mice at 6 months using the Morris
water maze. There were no differences in memory acquisi-
tion among non-Tg, APPyqx-Tg, and tau264 mice, but dou-
ble Tg mice showed significant deficits in performance, with
longer escape latencies than other three groups (Fig. 5). No
differences in locomotor activities were observed among
all groups (not shown). These results indicate that memory
impairment was also accelerated in double Tg mice.

NFT formation in double Tg mice

Our main interest is whether NFT formation occurs in
the present double Tg mice, a pathology which has never
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Fig. 5 Accelerated memory loss in double Tg mice. Spatial refer-
ence memory of mice was examined at 6 months using the Morris
water maze. Male mice were trained to swim to a hidden platform
for five consecutive days (five trials per day), and the time required to
reach the platform was measured in each trial. Data are given as mean
escape latency &= SEM (n = 5 for non-Tg, n = 6 for APPyq-Tg,
n = 10 for tau264, n = 8 for double Tg). There were no differences
in memory acquisition among non-Tg, APPog¢-Tg, and tau264 mice,
but double Tg mice showed significant deficits in performance, with
longer escape latencies than the other three groups. *p = 0.0051 ver-
sus non-Tg, p = 0.0080 versus APPysx-Tg, p = 0.0073 versus tau263
at day 4; **p = 0.0495 versus non-Tg, p = 0.0220 versus APPygx-
Tg, p = 0.0032 versus double Tg at day 5

been observed in APP-Tg mice including our APPg-
Tg mice. In Gallyas silver staining, double Tg mice dis-
played many positive signals within neurons in the hip-
pocampal CA3 region and cerebral cortex, but not in

the CA1 region, at 18 and 24 months (Fig. 6a). None of -

the other three groups showed positive signals even at

24 months (Suppl. Fig. 5a). To confirm the presence of
tau filaments in the inclusions, immunoelectron micros-
copy with pool-2 anti-tau antibody was performed in
double Tg mice. Tau-positive filamentous structures were

abundantly observed within neurons in the hippocam- -

pal CA3 region and cerebral cortex at 18 and 24 months

Whether the NFTs in double Tg mice contain both 3R
and 4R tau is another issue of interest. Thus, we exam-
ined the co-localization of 3R and 4R tau at 24 months by
immunohistochemistry with antibodies specific to these
tau. While non-Tg and APPq-Tg mice possessed only 4R
tau, which should be endogenous mouse tau, both tau264
and double Tg mice expressed 3R tau, which presumably
represents transgene-derived human tau, in addition to 4R
tau (Fig. 6¢, Suppl. Fig. 5b). In tau264 mice, both 3R and
4R tau were widely distributed in the hippocampal mossy
fibers and neuronal cell bodies (Suppl. Fig. 5b). In contrast,
double Tg mice exhibited less distribution of 4R tau in the
mossy fibers and had 3R and 4R tau densely accumulate
together in the neuronal cell bodies of the hippocampal
CA3 region and cerebral cortex (Fig. 6¢). This conclusion
was confirmed by Western blot analysis for sarkosy! insolu-
ble fractions (GuHCl-extracts) prepared from 18-month-
old double Tg mice. Two discrete bands corresponding to
3R and 4R tau were detected with human tau-specific taul2
antibody after dephosphorylation of the samples (Suppl.
Fig. 5¢). These results indicate that the NFTs were com-
prised of both 3R and 4R human tau. which resembles the
composition in AD.

Accelerated neuronal loss in double Tg mice

Neuronal loss, as well as senile plaques and NFTs, is a
significant pathological feature of AD. In our previous
study, APPqx-Tg mice displayed significant neuronal loss
in the hippocampal CA3 region at 24 months, but not at
18 months or in the cerebral cortex even at 24 months [46].
Thus, we examined neuronal loss in the 4 groups at 12 and
18 months. The number of neurons positive for the mature
neuron marker NeuN was counted in a constant area of the
hippocampal CA3 region and cerebral cortex. In the CA3
region, no significant differences in number of NeuN-pos-
itive cells were measured among non-Tg, APPyq-Tg, and
tau264 mice at 18 months, whereas double Tg mice pos-

~sessed signiﬁcantly fewer neurons than the other groups

(Fig. 6b). The distribution of cytoplasmic PHF-1-positive '

and Gallyas-positive tau accumulation in double Tg mice
paralleled that of the AP accumulation: dominant in the
hippocampal CA3 region and cerebral cortex, and less
so in the CAl region. We noticed that this distribution
was somewhat different from that of the tau pathology
in our intronic mutant tau-Tg mice (lines 609 and 784),
which have the same promoter and tau intronic sequences
as tau264 mice: the mutant tau-Tg mice exhibited cyto-
plasmic PHF-1-positive and Gallyas-positive tau accu-
mulation dominantly in the hippocampal CA1 region and
cerebral cortex, and less so in the CA3 region [48]. This
observation implies that NFT formation in double Tg
mice was triggered by intracellular Af.

50

(Fig. 7a, b). No neuronal loss was observed at 12 months
in either region (not shown) or in the cerebral cortex at
18 months (Fig. 7a, b) for all mice.

Discussion

In the present study, we generated double Tg mice express-
ing mutant APP and wild-type human tau to examine the
role of human tau in NFT formations. While neither par-
ent APPog-Tg nor tau264 mice possessed NFTs even at
24 months, double Tg mice showed NFTs at 18 months.
To our knowledge, the present double Tg mouse is the first
mouse model of AD displaying not only AR accumulation,
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Fig. 6 NFT formation in
double Tg mice. a Brain sec-
tions from double Tg mice
were examined for NFTs by
Gallyas silver staining at 12, 18,
and 24 months. Many positive
signals were detected at 18 and
24 months within neurons in the
hippocampal CA3 region and
cerebral cortex (CTX), but not
the CA1 region (not shown).
Scale bar 30 pom. b Brain
ultrathin sections from double
Tg mice were examined for tau
filaments by immunoelectron
microscopy with pool-2 anti-
tau antibody and 10 nm gold
particle-labeled second antibody
at 12, 18, and 24 months. Tau-
positive filamentous structures
were abundantly observed
within neurons in the hippocam-
pal CA3 region and cerebral
cortex at 18 and 24 months.
Scale bar 200 nm. ¢ Brain sec-
tions from 24-month-old double
Tg mice were double stained
with 3R tau-specific (red)

and 4R tau-specific (green)
antibodies. 3R and 4R tau were
co-localized in neuronal cell
bodies in the hippocampal CA3
region and cerebral cortex, and
the distribution of 4R tau in the
hippocampal mossy fibers was
reduced compared with tau264
mice (Suppl. Fig. 5b). Scale bar
30 pm

but also NFT formation in the absence of tau mutations. It
is noteworthy that these NFTs contained both 3R and 4R
human tau, much like AD. This property makes the present
Tg mice advantageous as a model for the investigation of
the pathogenesis of AD. The distribution of cytoplasmic tau
inclusions in double Tg mice paralleled AB accumulation,
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implying that NFT formation in these mice was triggered
by intracellular AB. Our findings suggest that the presence
of human tau, even at low levels (10 % of endogenous
mouse tau), is critical for AB-induced NFT formation. Fur-
thermore, the present Tg mice provide strong evidence that
AP oligomers are the etiologic molecule in AD that causes
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Fig. 7 Accelerated neuronal a
loss in double Tg mice. a

Brain sections were stained

with an antibody to the mature

neuron marker NeuN at 12 and

18 months. Images of the hip-

pocampal CA3 region (lower

rectangle in the rop panel) and
retrosplenial region (upper

rectangle in the top panel) of

the cerebral cortex (CTX) at

18 months are shown. Scale bar

30 wm. b NeuN-positive cells

in an area within 800 pm along

the pyramidal cell layer in the CA3
hippocampal CA3 region and in

an area of 1 x 1 mm in the ret-

rosplenial region of the cerebral

cortex were counted. Dofs rep-

resent measured values for each

mouse, and horizontal lines

show mean values (n = 3 for CTX, o
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NFT formation as well as synapse and neuronal loss in the ~ htau mice developed intraneuronal accumulation of tau
absence of amyloid plaques. filaments at 9 months. These findings suggest that mouse
In vitro studies have shown no difference in aggrega-  tau hardly forms NFTs compared with human tau in vivo
tion tendency between human and mouse tau [7, 22]. Nev- and that co-existence of mouse tau may interfere with the
ertheless, mouse tau appears to have a lower ability to  aggregation of human tau to prevent NFT formation. The
form NFTs than human tau in vivo. Adams et al. [1] gen-  latter hypothesis is supported by the finding that dele-
erated tau-Tg mice expressing wild-type mouse tau two-  tion of endogenous mouse tau accelerates the aggregation
fold endogenous levels by introducing the whole genome  of human tau in mutant tau-Tg mice [2]. Therefore, NFT
of mouse tau into the embryo. The mice developed age-  formation by human tau in the presence of mouse tau may
dependent tau pathology, but did not show Gallyas-positive ~ require some driving forces such as tau mutations and AB
staining even at 18 months. On the other hand, Andorfer  stimulation unless human tau is massively overexpressed
et al. [3] generated tau-Tg mice (htau mice) that express  [19]. Once human tau starts to aggregate, it may act as a
all six isoforms of wild-type human tau in the absence of  seed for the following aggregation of mouse tau. In fact,
endogenous mouse tau by mating genomic human tau-  endogenous mouse tau has been shown before to aggregate
Tg mice (8¢ mice) with tau knockout mice. The expres-  together with human tau to form NFTs in mutant tau-Tg
sion levels of human tau in the parent 8c mice were more mice [33].
than threefold those of endogenous mouse tau. Despite A noticeable difference between human and mouse tau
the parent 8c mice not showing evident tau pathology, the  exists in their N-terminal regions. Mouse tau lacks the 11
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amino acids that correspond to the sequence from Thr17 to
Gly27 in human tau. In addition, mouse tau possesses more
than 30 amino acid substitutions, insertions, and deletions
in comparison with human tau, many of which are in the
N-terminal region. These structural differences may cause
the different properties of human and mouse tau NFTs both
in nature and in response to AP stimulation. It has been
shown that tau interacts with the neural plasma membrane
through its N-terminal projection domain [5] and that this
interaction is negatively regulated by the phosphorylation
at sites detected by PHF-1, AT8, and AT180 antibodies
[29]. Microtubule binding and enrichment of tau at distal
neurites are also mediated by the N-terminal projection
domain, while hyperphosphorylation of tau and addition
of AP increased the tau diffusion constant and decreased
tau binding to microtubules, which may explain tau accu-
mulation in the somatodendritic compartment of neurons
[49]. These findings imply that the N-terminal region of
tau plays an important role in NFT formation and that AB-
induced tau phosphorylation affects the function of the
N-terminal region. Our double Tg mice showed positive
staining to both PHF-1 and ATS8 antibodies and exhibited
less distribution of 4R tau in the mossy fibers and instead
more accumulation of 3R and 4R tau in the neuronal cell
bodies than the parent tau264 mice. Phosphorylation at
sites other than ATS- and PHF-1-epitopes or other modifi-
cations such as acetylation [10, 32] may also contribute to
NFT formation. Overall, such modifications may be more
likely in human tau than in mouse tau.

If we assume that the vulnerability of mouse tau to AP
stimulation is lower than that of human tau, then we can
explain why most APP-Tg mice failed to form NFTs. How-
ever, it has recently been shown that even rodent tau can
form NFTs under certain conditions. Cohen et al. [9] gener-
ated a novel Tg rat model (TgF344-AD) expressing mutant
APP and mutant presenilin 1 (PS1). Those rats expressed
2.6-fold higher human APP harboring the Swedish muta-
tion than endogenous rat APP and 6.2-fold higher human
PS1 harboring the exon 9 deletion than endogenous rat
PS1, resulting in a dramatic increase in AP (particularly
AB42) production. The rat further developed age-dependent
amyloid and tau pathology and showed significant neuronal
loss at 16 months. Notably, Gallyas-positive inclusions
were detected in close proximity to the amyloid plaques
at 16 months, although it is unclear whether these inclu-
sions indeed contained tau filaments. Our APPygx-Tg mice
expressed human APP at almost the same levels as endog-
enous mouse APP and failed to form NFTs. These findings
suggest that extremely high levels of AR stimulation can
drive endogenous rodent tau to NFT formation.

The present double Tg mice showed an accelerated accu-
mulation of Af oligomers compared with parent APPyqx-
Tg mice. This suggests that the expression of human tau

‘2_3 Springer

53

promotes AP production and/or aggregation or inhibits A
clearance. It may be that A and human tau directly interact
within cells. In vitro and in vivo studies have suggested that
AR and tau form complexes that promote the aggregation of
both [16, 30, 31]. In addition, the AB-tau complex has been
shown to enhance tau phosphorylation by GSK-38 [16].
Another possibility is that human tau may affect the activi-
ties of some enzymes involved in A production, such as
B- and y-secretases and GSK-3a, or AP degradation, such
as neprilysin. In addition, co-expression of human tau with
mutant AR may overload the capacity of cellular mecha-
nisms (i.e., proteasomes, autophagosomes, and lysosomes)
to clear misfolded proteins, leading to incomplete degra-
dation and subsequent accumulation of both AR and tau.
In any case, our findings suggest that AR and human tau
synergistically interact to accelerate each other’s pathol-
ogy. Similar synergistic interactions have been shown in
Tg mice among different amyloidogenic proteins, includ-
ing AP, prion, tau, and a-synuclein [8, 34]. Further studies
are required to elucidate the mechanism underlying these
interactions.

A recent study using iPS cells derived from patients with
AD suggests that AD can be classified into two categories:
extracellular AR type and intracellular AP type [24]. The
intracellular AP type neurons accumulated AP oligomers
with molecular sizes of 50-60 kDa [24]. Our double Tg
mice displayed intraneuronal accumulation of AP oligom-
ers (50-60 kDa) and subsequent neuropathologies includ-
ing NFT formation without forming amyloid plaques.
Thus, our double Tg mice represent the intracellular AB
type AD. However, we cannot exclude the possibility that
the observed tau pathology was induced by extracellu-
lar soluble AB oligomers, which are more distributed than
intracellular ones and, therefore, only negligibly detected
by immunohistochemistry. In cultured primary neurons,
exogenously added AP oligomers induced tau hyperphos-
phorylation and neurodegeneration [11, 21]. In addition,
AP oligomer-induced synaptic alteration and neurodegen-
eration have been shown to be mediated by cell surface
membrane receptors, such as NMDA receptors, and den-
dritic tau in vivo and in vitro [20, 25, 27, 43, 44]. These
findings would argue that extracellular Af oligomers are
the active species that lead to tau hyperphosphorylation and
NFT formation. The extent extracellular AB oligomers con-
tribute to the pathologies in our double Tg mice remains for
further study.

It has been shown that human and mouse Af have dif-
ferent properties of aggregation due to their difference in
amino acid sequence, with human Af being far more sus-
ceptible to aggregation [13]. Analogous to the possible
interference between human and mouse tau, it is possible
that the co-existence of mouse AP interferes with the aggre-
gation of human A to prevent plaque formation. This may
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explain why wild-type APP-Tg mice seldom form amyloid
plaques. It may be that amyloid plaque formation by human
AB in the presence of mouse AP requires APP mutations to
enhance AP production and/or aggregation and that dele-
tion of endogenous mouse AR promotes plaque formation
by human AB. If this hypothesis is true, double knockin
mice expressing wild-type human APP and all six isoforms
of wild-type human tau in the absence of both endogenous
mouse APP and tau could display both amyloid plaques and
NFTs under certain conditions, such as aging, metabolic
syndromes, and stress. Such mice would be an ideal model
for the investigation of the pathogenesis of sporadic AD.
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SUMMARY

Oligomeric forms of amyloid-B peptide (AB) are
thought to play a pivotal role in the pathogenesis
of Alzheimer’'s disease (AD), but the mechanism
involved is still unclear. Here, we generated induced
pluripotent stem cells (iPSCs) from familial and
sporadic AD patients and differentiated them into
neural cells. AB oligomers accumulated in iPSC-
derived neurons and astrocytes in cells from patients
with a familial amyloid precursor protein (APP)-
E693A mutation and sporadic AD, leading to endo-
plasmic reticulum (ER) and oxidative stress. The
accumulated AB oligomers were not proteolytically
resistant, and docosahexaenoic acid (DHA) treat-
ment alleviated the stress responses in the AD neural
cells. Differential manifestation of ER stress and DHA
responsiveness may help explain variable clinical

@

results obtained with the use of DHA treatment and
suggests that DHA may in fact be effective for a
subset of patients. It also illustrates how patient-
specific iPSCs can be useful for analyzing AD patho-
genesis and evaluating drugs.

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurodegenera-
tive disorder. One of the pathological features of AD is the
oligomerization and aggregation and accumulation of amyloid-
B peptide (AB), forming amyloid plagues in the brain. Cognitive
impairment observed in clinical AD is inversely well correlated
with the amount of AB oligomers in the soluble fraction rather
than the amount of AR fibrils (amyloid plaques) constituting the
oligomers (Haass and Selkoe, 2007; Krafft and Klein, 2010).
Increasing evidence has shown that A oligomers extracted
from AD model mice or made from synthetic peptides cause
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Figure 1. Establishment of Control and AD Patient-Specific iPSCs, and Derivation of Cortical Neurons Producing ABs from iPSCs

(A) Established iPSCs from both controls and AD patients showed embryonic stem cell-like morphology (Phase) and expressed pluripotent stem cell markers

NANOG (red) and TRA1-60 (green). The scale bar represents 200 um.

(B) Genomic DNA sequences showed the presence of the homozygous genotype for E693 deletion and the heterozygous genotype for V717L mutation on the

APP gene only in AD iPSCs.

(C) Estimation of neuronal differentiation from control and AD-IPSCs. After 2 months of differentiation, neurons were immunostained with antibodies against the

neuronal marker TUJ1 and the cortical neuron markers TBR1 and SATB2. The scale bar represents 30 um.

(D) Proportions of TUJ1-, TBR1-, and SATB2-positive cells in control and AD-IPSCs. Data represent mean + SD (n = 3 per clone).

(E) AB40 and AB42 secreted from iPSC-derived neural cells into the medium (extracellular AB) were measured at 48 hr after the last medium change. Data

represent mean = SD (n = 3 per clone). Levels of AB40 and AB42 in AD(APP-E693A) without B-secretase inhibitor IV (BSI, 1 uM) were significantly lower than

those of the others (*, p < 0.0086), and the level of AB42 and the ratio of AB42/AB40 in AD(APP-V717L) without BSt were significantly higher than those of the others
57 (legend continued on next page)
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