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were detected in APP expression between APPygx-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, f). 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 A8 accumulation in double Tg mice

Amyloid pathology was examined by immunohistochem-
istry with AP oligomer-specific 11A1 antibody (Fig. 2,
Suppl. Fig. 2). APPyg-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 AB oli-
gomers in the same regions at 6 months, earlier than that
in the parent APPg-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 APPy-Tg or double
Tg mice even at 24 months (Suppl. Fig. 2b).

The formation of AB oligomers was also examined by
Western blot with 8001 antibody. TBS- and GuHCl-extracts
prepared from APPqgx-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 AB monomers were
detected in TBS- but not GuHCl-extracts from both APP g~
Tg and double Tg mice (Suppl. Fig. 2¢). The amount of AR
monomers was slightly higher in double Tg mice than in
APPqgr-Tg mice. In 7 % gels, AP 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 AP oligomers were
detected only in GuHCl-extracts is in agreement with our
previous observation that AB oligomers in APPg¢-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 Tgh
mice. Brain sections were stained with phosphorylated tau-specific
PHF-1 (a) and AT8 (b) antibodies at various ages. a In APPqg,-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
PHF-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 CA1 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). APPg-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
ATS8-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 CAl 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 CA1 region even at 24 months
(Suppl. Fig. 3c).

Tau hyperphosphorylation was also examined by West-
ern blot with PHF-1 and ATS antibodies. Again, TBS- and
GuHCl-extracts prepared from APPnygx-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 APP,g-
Tg mice (Suppl. Fig. 3e, f). In AT8 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 APPyg-Tg
mice (Suppl. Fig. 3g, h). TBS-extracts prepared from
non-Tg mice also exhibited PHF-1- and ATS8-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. Qur 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
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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 jum. b Synaptophysin
fluorescence intensity in the
apical dendritic-somata field
(30 x 60 pm, 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, APPygk-Tg and tau264
at 6 months, n = 5 for double
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in synaptophysin levels were observed among non-Tg,
APPqq-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 APPqg-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 APP4x-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 APPgx-Tg and tau264 mice
compared with non-Tg mice (Suppl. Fig. 4¢). In contrast,
apparent loss and morphological alteration of dendritic
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6 mo 12 mo

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, APP¢x-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 APPygi-Tg,
n = 10 for tau264, n = 8 for double Tg). There were no differences
in memory acquisition among non-Tg, APPg¢-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 APPygi-Tg, p = 0.0073 versus tau263
at day 4; **p = 0.0495 versus non-Tg, p = 0.0220 versus APPqgy-
Tg. p = 0.0032 versus double Tg at day 5

been observed in APP-Tg mice including our APPqgy-
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
(Fig. 6b). The distribution of cytoplasmic PHF-1-positive
and Gallyas-positive tau accumulation in double Tg mice
paralleled that of the A accumulation: dominant in the
hippocampal CA3 region and cerebral cortex, and less
so in the CA1l 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 PHEF-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 AB.

0o

(09]

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 APP¢-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. 6c, 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 sarkosyl 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. 5c). 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, APPyqx-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, APPyqy-Tg, and
tau264 mice at 18 months, whereas double Tg mice pos-
sessed significantly fewer neurons than the other groups
(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 APPg¢-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 Af 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 um. 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 Af 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 Ap-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 top 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 jwm along
the pyramidal cell layer in the
hippocampal CA3 region and in
an area of 1 x 1 mm in the ret-
rosplenial region of the cerebral
cortex were counted. Dots rep-
resent measured values for each
mouse, and horizontal lines
show mean values (n = 3 for
Non-Tg and tau264, n = 4 for
APPysi-Tg, n =5 for double
Tg). Double Tg mice possessed
significantly fewer neurons

in the hippocampus than the
other groups at 18 months.

#p = 0.0054 versus Non-Tg,

p = 0.0175 versus APPs-Tg,
p = 0.0021 versus tau264. No
neuronal loss was observed at
12 months in either region (not
shown) or in the cerebral cortex
at 18 months for all mice
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NFT formation as well as synapse and neuronal loss in the
absence of amyloid plaques.

In vitro studies have shown no difference in aggrega-
tion tendency between human and mouse tau [7, 22]. Nev-
ertheless, mouse tau appears to have a lower ability to
form NFTs than human tau in vivo. Adams et al. [1] gen-
erated tau-Tg mice expressing wild-type mouse tau two-
fold endogenous levels by introducing the whole genome
of mouse tau into the embryo. The mice developed age-
dependent tau pathology, but did not show Gallyas-positive
staining even at 18 months. On the other hand, Andorfer
et al. [3] generated tau-Tg mice (htau mice) that express
all six isoforms of wild-type human tau in the absence of
endogenous mouse tau by mating genomic human tau-
Tg mice (8¢ mice) with tau knockout mice. The expres-
sion levels of human tau in the parent 8¢ mice were more
than threefold those of endogenous mouse tau. Despite
the parent 8¢ mice not showing evident tau pathology, the

(o3}

(=

htau mice developed intraneuronal accumulation of tau
filaments at 9 months. These findings suggest that mouse
tau hardly forms NFTs compared with human tau in vivo
and that co-existence of mouse tau may interfere with the
aggregation of human tau to prevent NFT formation. The
latter hypothesis is supported by the finding that dele-
tion of endogenous mouse tau accelerates the aggregation
of human tau in mutant tau-Tg mice [2]. Therefore, NFT
formation by human tau in the presence of mouse tau may
require some driving forces such as tau mutations and AB
stimulation unless human tau is massively overexpressed
[19]. Once human tau starts to aggregate, it may act as a
seed for the following aggregation of mouse tau. In fact,
endogenous mouse tau has been shown before to aggregate
together with human tau to form NFTs in mutant tau-Tg
mice [33].

A noticeable difference between human and mouse tau
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 NFT's 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, ATS8, 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 Ap-
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 AT8- 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 AB
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 AP stimulation can
drive endogenous rodent tau to NFT formation.

The present double Tg mice showed an accelerated accu-
mulation of AB oligomers compared with parent APPqgk-
Tg mice. This suggests that the expression of human tau
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promotes AP production and/or aggregation or inhibits AB
clearance. It may be that AB and human tau directly interact
within cells. In vitro and in vivo studies have suggested that
AB 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-3f8 [16].
Another possibility is that human tau may affect the activi-
ties of some enzymes involved in AB production, such as
B- and y-secretases and GSK-3a, or Af 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 Af and tau.
In any case, our findings suggest that AB 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 AB, 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 A type and intracellular AB type [24]. The
intracellular AB type neurons accumulated AP oligomers
with molecular sizes of 50-60 kDa [24]. Our double Tg
mice displayed intraneuronal accumulation of AB 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 A oligomers are
the active species that lead to tau hyperphosphorylation and
NFT formation. The extent extracellular Af oligomers con-
tribute to the pathologies in our double Tg mice remains for
further study.

It has been shown that human and mouse AP have dif-
ferent properties of aggregation due to their difference in
amino acid sequence, with human AP 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 A 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
ApB in the presence of mouse AP requires APP mutations to
enhance AP production and/or aggregation and that dele-
tion of endogenous mouse A 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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