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Although amyloid � (A�) oligomers are presumed to cause synaptic and cognitive dysfunction in Alzheimer’s disease (AD), their
contribution to other pathological features of AD remains unclear. To address the latter, we generated APP transgenic mice expressing the
E693� mutation, which causes AD by enhanced A� oligomerization without fibrillization. The mice displayed age-dependent accumu-
lation of intraneuronal A� oligomers from 8 months but no extracellular amyloid deposits even at 24 months. Hippocampal synaptic
plasticity and memory were impaired at 8 months, at which time the presynaptic marker synaptophysin began to decrease. Furthermore,
we detected abnormal tau phosphorylation from 8 months, microglial activation from 12 months, astrocyte activation from 18 months,
and neuronal loss at 24 months. These findings suggest that A� oligomers cause not only synaptic alteration but also other features of AD
pathology and that these mice are a useful model of A� oligomer-induced pathology in the absence of amyloid plaques.

Introduction
Soluble oligomers of amyloid � (A�) are believed to be a cause of
synaptic and cognitive dysfunction in the early stages of Alzhei-
mer’s disease (AD) (Klein et al., 2001; Selkoe, 2002). This conclu-
sion is based primarily on experimental evidence that natural and
synthetic A� oligomers impair synaptic plasticity (Lambert et al.,
1998; Walsh et al., 2002; Shankar et al., 2008) and memory
(Cleary et al., 2005; Lesné et al., 2006; Shankar et al., 2008) and
cause loss of synapses (Lacor et al., 2007; Shankar et al., 2007)
when applied exogenously into rat cerebral ventricle, cultured
brain slices, or dissociated neurons. In addition, many studies
have supported this conclusion by indicating a correlation be-

tween soluble A� levels and synaptic and cognitive impairment in
humans (Lue et al., 1999; Gong et al., 2003) as well as animal
models of AD (Mucke et al., 2000; Dodart et al., 2002; Cheng et al.
2007; Matsuyama et al., 2007).

On the other hand, whether A� oligomers contribute to other
pathological features of AD, such as abnormal tau phosphoryla-
tion, glial activation, and neuronal loss, remains unclear. Several
studies have demonstrated that exogenously applied A� oli-
gomers induce tau hyperphosphorylation (De Felice et al., 2008),
activate astrocytes (Hu et al., 1998) and microglia (Jimenez et al.,
2008), and cause neuronal death (Lambert et al., 1998; Kayed et
al., 2003) in vitro. However, in animal models, these findings have
never been observed before amyloid plaque deposition (for re-
view, see Duyckaerts et al., 2008). Once A� deposits develop, it is
difficult to distinguish which pathological features were induced
by soluble A� oligomers or by insoluble A� fibrils.

We recently identified the E693� mutation in amyloid pre-
cursor protein (APP) in patients with AD (Tomiyama et al.,
2008). This mutation produces variant A� lacking glutamate-22
(E22�). The mutant A� peptide does not form amyloid fibrils in
vitro and patients with the mutation lack deposits of amyloid
plaques (Tomiyama et al., 2008). The mutant peptide, however,
readily forms abundant oligomers in vitro (Tomiyama et al.,
2008) and accumulates in oligomeric forms within transfected
cells (Nishitsuji et al., 2009). When injected into rat cerebral ven-
tricle, synthetic mutant A� E22� peptide inhibits hippocampal
long-term potentiation (LTP) more potently than wild-type
(WT) peptide in vivo (Tomiyama et al., 2008). Exogenously ap-
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plied mutant A� E22� peptide induces dose-dependent loss of
synapses in mouse hippocampal slices (Takuma et al., 2008).
These synaptotoxic effects of the mutant A� appear to reflect its
propensity to undergo oligomerization. These findings suggest
that the E693� mutation is suitable for production of an animal
model of A� oligomers in the absence of amyloid plaques. Such a
model could provide findings of critical importance in determin-
ing whether A� oligomers contribute to features of the pathology
of AD other than synaptic alteration.

In the present study, we therefore generated transgenic (Tg)
mice expressing the mutant APPE693� and compared their patho-
logical features with those of WT APP (APPWT)-Tg mice. The
findings presented here indicate that A� oligomers play pivotal
roles in the pathogenesis of AD.

Materials and Methods
Antibodies. Rabbit polyclonal antibodies to A� (�001) (Lippa et al., 1999)
and APP (C40) (Suga et al., 2004) were prepared in our laboratory. For
detection of A� oligomers, mouse monoclonal antibody NU-1 (Lambert
et al., 2007) was used. Mouse monoclonal antibodies to tau, PHF-1
(Greenberg et al., 1992), and MC1 (Jicha et al., 1997), were kindly gifted
by Dr. Peter Davies (Department of Pathology, Albert Einstein College of
Medicine, Bronx, NY). Mouse monoclonal antibodies to A� (6E10; Sig-
net Laboratories), synaptophysin (SVP-38; Sigma), NeuN, a marker of
mature neurons (Millipore Bioscience Research Reagents), GFAP, a
marker of astrocytes (Cappel, ICN Pharmaceuticals), and a rabbit poly-
clonal antibody to Iba-1, a marker of microglia (Wako Pure Chemical
Industries), were purchased. Both �001 and 6E10 antibodies recognize
full-length APP and its C-terminal fragment generated by �-cleavage
(CTF�) as well as A�.

Figure 1. APPE693�-Tg mice do not exhibit extracellular amyloid deposits but do display intraneuronal A� accumulation. A, B, Levels of expression of human APP in APPE693�-Tg mice. Brain
homogenates of Tgmicewere subjected toWestern blotting to examine levels of APP expression. A, HumanAPPwas probedwith 6E10 antibody specific to humanAPP/A�. Comparison among the
Tg2576mice, APPE693�-Tgmice, APPWT-Tg line 1, and non-Tg littermateswas performed at 12months, while that between the APPE693�-Tgmice and APPWT-Tg line 3was performed at 8months.
B, Human and mouse APP in APPE693�-Tg mice and non-Tg littermates were stained at 12 months with C40 antibody recognizing the C-terminal region of human and mouse APP. C–R, Brain A�
burden in APPE693�-Tgmice. Brain sections of 24-month-old Tgmicewere stainedwith �001 antibody to the N-terminal region of A�. Tg2576mice (C–F ) displayed abundant amyloid plaques in
cerebral cortex (D) and hippocampus (E, CA3 region) but not in cerebellum (F ), whereas APPE693�-Tg mice (G–J ), APPWT-Tg mice (K–N ), and non-Tg littermates (O–R) exhibited no extracellular
amyloid deposits in any regions examined; cerebral cortex (H, L, P), hippocampal CA3 region (I, M, Q), and cerebellum (J, N, R). The APPE693�-Tg mice did, however, exhibit intraneuronal staining
of A� in these regions. CTX, Cerebral cortex; HC, hippocampus; CBL, cerebellum. Scale bar, 30 �m.
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Generation of Tg mice. Tg mice expressing human APP695 with the
E693� mutation were generated using the MoPrP.Xho vector (Borchelt
et al., 1996) by the same method as described previously (Matsuyama et
al., 2007). MoPrP-APP constructs were injected into B6C3F1 (C57BL/
6N � C3H/HeN) embryos. The mice were backcrossed with C57BL/6
mice at least 10 generations. To elucidate the pathological effects of the
E693� mutation, phenotypes of the APPE693�-Tg mice were compared
with those of APPWT-Tg mice with the same mouse prion promoter
(Matsuyama et al., 2007). As a positive control for immunohistochemis-
try, Tg2576 mice, a well known model of AD exhibiting massive amyloid
deposition (Hsiao et al., 1996), were purchased from Taconic. All mice
used were heterozygous for the transgene of interest. Levels of expression
of human APP were determined with 6E10 antibody as described previ-
ously (Matsuyama et al., 2007). All animal experiments were approved by

the committee of Osaka City University and were performed in accor-
dance with the Guide for Animal Experimentation, Osaka City Univer-
sity. Every effort was made to minimize the number of animals used and
their suffering.

Immunohistochemistry. Mouse brains were fixed in 4% paraformalde-
hyde, embedded in paraffin, sectioned at 5 �m, and deparaffinized with
xylene and ethanol. Only for A� staining, the sections were pretreated by
boiling in 0.01N HCl (pH 2) for 10 min to expose epitopes. We found
that GFAP and Iba-1 can be stained well when sections are pretreated
with acidic solution, but such a treatment makes the difference between
the APPE693�-Tg mice and control mice unclear. Therefore, we used
untreated sections in staining for these markers. After being washed with
100 mM Tris-HCl, pH 7.6, 150 mM NaCl [Tris-buffered saline (TBS)], the
sections to be stained with horseradish peroxidase (HRP) were treated

Figure 2. Age-dependent accumulation of intraneuronal A� oligomers in APPE693�-Tg mice. A–L, Brain sections of 4 (A, E)-, 8 (B, F )-, 12 (C, G)-, and 24 (D, H )-month-old APPE693�-Tg mice
were stained with A� oligomer-selective antibody NU-1. Intraneuronal A� oligomers first appeared at 8 months in the cerebral cortex (A–D) and hippocampus (E–H, the CA3 region) and
accumulated in age-dependent fashion. No NU-1 staining was observed in APPWT-Tg mice (I, J ) or non-Tg littermates (K, L) even at 24 months; cerebral cortex (I, K ) and hippocampal CA3 region
(J, L). Scale bars, 30 �m. M, Oligomer formation of A� in APPE693�-Tg mice was confirmed by immunoprecipitation/Western blotting analysis. Brain homogenates of 24-month-old Tg mice were
fractionated by 4-step ultracentrifugation into TBS-, Triton X-100-, SDS-, and FA-soluble fractions. A� in each fraction was immunoprecipitated with 6E10 and stained with �001. A� dimers, and
possibly trimers, were detected in the FA-extracted fraction from APPE693�-Tg mice but only slightly in APPWT-Tg mice. Std, Standard; TS, TBS. N–Q, Brain sections of 24-month-old Tg mice were
stainedwith the amyloid-bindingdye thioflavin S. Tg2576mice exhibited abundant extracellular stainingdue to parenchymal and vascular amyloid deposits in cerebral cortex (N ) andhippocampus
(O), whereas APPE693�-Tg mice exhibited no thioflavin S staining in these regions; cerebral cortex (P) and hippocampal CA3 region (Q). However, APPE693�-Tg mice exhibited very weak and
somewhat diffuse staining within neurons (Q, arrowhead). CTX, Cerebral cortex; HC, hippocampus. Scale bars: N, P, 100 �m; O, Q, 20 �m.
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with 0.3% H2O2 for 30 min to inactivate endogenous peroxidases. The
sections were then blocked with 20% calf serum in TBS for 1 h. A�, tau,
and neuronal and glial markers were stained with corresponding anti-
bodies followed by biotin-labeled second antibodies (Vector Laborato-
ries), HRP-labeled avidin-biotin complex (Vector Laboratories), and the
substrate DAB (Dojindo). Synaptophysin was stained with SVP-38 anti-
body followed by FITC-labeled second antibody (Jackson ImmunoRe-
search Laboratories). Thioflavine S staining to visualize amyloid fibrils
was performed as described previously (Oakley et al., 2006). The speci-
mens were observed under a BZ-8000 fluorescence microscope (Key-
ence). Synaptic density in the hippocampal CA3 region was estimated by
quantifying synaptophysin fluorescence intensity in 30 �m � 60 �m area
using the NIH ImageJ software obtained from a public website (National
Institutes of Health; http://rsb.info.nih.gov/nih-image/). Neuronal loss
was evaluated by counting NeuN-positive cells remaining in the pyrami-
dal cell layer of the hippocampal CA3 region within 900 �m from its end
toward the dentate gyrus.

Immunoprecipitation/Western blotting of A�. Mouse brains, not in-
cluding the hindbrain, were homogenized by sonication in 4 volumes of
TBS containing protease inhibitor mixture (P8340; Sigma), and fraction-
ated by four-step ultracentrifugation including TBS, Triton X-100, SDS,

and formic acid (FA) extraction (Kawarabayashi et al., 2001). In brief, the
homogenates were centrifuged at 100,000 � g at 4°C for 1 h, and the
supernatants were harvested. The precipitates were dissolved by sonica-
tion in the same volume (4 times tissue weight) of 1% Triton X-100/TBS
containing P8340 and centrifuged again. The supernatants were har-
vested, and the precipitates were then dissolved in 2% SDS/TBS contain-
ing P8340 and centrifuged at 100,000 � g at room temperature for 1 h.
The supernatants were harvested, and the precipitates were finally dis-
solved in 70% FA. After being centrifuged again, the supernatants were
harvested. Then, 100 �l portions of the TBS-, Triton X-100-, and SDS-
extracted fractions were diluted 10-, 10-, and 20-fold, respectively, in
TBS containing P8340, while 100 �l portions of FA-extracted fractions
were diluted tenfold in 1 M Tris solution (pH 11). A� in the samples was
immunoprecipitated with 1 �g of 6E10 antibody and 10 �l of 50% pro-
tein A Sepharose (Pharmacia) at 4°C overnight. After centrifugation, the
precipitates were washed three times with 1% Triton X-100/TBS and
once with TBS and then boiled for 5 min in SDS sample buffer. The
eluates were subjected to SDS-PAGE with 12% NuPage Bis-Tris gels
(Invitrogen) and transferred to polyvinylidene difluoride membranes
(Millipore). The membranes were boiled in PBS for 10 min to enhance
signals, and A� was probed with �001 antibody followed by HRP-labeled

Figure 3. Age-dependent decrease in synaptophysin in APPE693�-Tg mice. A–L, Brain sections of 4 (A, E, I )-, 8 (B, F, J )-, 12 (C, G, K )-, and 24 (D, H, L)-month-old Tg mice were stained with
antibody to thepresynapticmarker synaptophysin.All imageswere taken fromthehippocampal CA3 region.Unlikenon-Tg littermates (A–D) andAPPWT-Tgmice (E–H ), theAPPE693�-Tgmice (I–L)
exhibited age-dependent decrease in synaptophysin in the hippocampus from 8months. Scale bars, 30 �m. M, Synaptophysin fluorescence intensity in 30 �m� 60 �marea of the hippocampal
CA3 regionwas quantified using theNIH ImageJ software and shown in arbitrary units (AU). Each bar represents themean� SEM (n � 3). *p � 0.0258 versusNonTg; p � 0.0244 versus APPWT-Tg,
**p � 0.0052 versus NonTg; p � 0.0092 versus APPWT-Tg, ***p � 0.0140 versus NonTg; p � 0.0387 versus APPWT-Tg.
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second antibody and the chemiluminescent substrate Immobilon West-
ern (Millipore). Signals were visualized using a LAS-3000 luminescent
image analyzer (Fujifilm).

In vivo electrophysiology. Experiments were performed with mice at 8
months of age as described previously (Matsuyama et al., 2007). Synaptic
functions, including basal synaptic transmission and short-term and
long-term synaptic plasticity, were examined in vivo by recording of
population spikes from the granular cell body layer of the dentate gyrus
in response to stimulation of the perforant path.

Behavioral tests. Spatial reference memory in mice was assessed at 8
months of age using the Morris water maze, essentially as described
previously (Iso et al., 2007). Male mice were trained to swim to the
platform in a pool with a diameter of 96 cm for 6 consecutive days.
Training consisted of five trials per day with intertrial intervals of 30 s. At
day 7, retention of spatial memory was assessed by a probe trial consisting
of a 30 s free swim in the pool without the platform. Locomotor activities
of the mice were examined by an open-field test, as described previously
(Iso et al., 2007).

Statistical analysis. All data in animal experiments were expressed as
the mean � SEM. Comparisons of means among the three groups were
performed with ANOVA followed by Fisher’s protected least significant

difference test. Differences with a p value of
�0.05 were considered significant.

Results
Generation of APPE693�-Tg mice
Tg mice expressing the mutant APPE693�

under the mouse prion promoter were
generated using the MoPrP.Xho vector
(Borchelt et al., 1996). Three lines of
APPE693�-Tg mice were established.
Western blotting of brain homogenates
with the monoclonal antibody 6E10,
which is specific to human APP/A�, re-
vealed that lines 1, 2, and 3 possessed the
highest, the lowest, and intermediate ex-
pression of the transgene, respectively. In
this study, line 1, with the highest APP
expression was examined. For compari-
son, we used two lines (lines 1 and 3) of
APPWT-Tg mice which had been previ-
ously established in our laboratory using
the same promoter (Matsuyama et al.,
2007). Line 1 was used as a control for
immunohistochemistry and behavioral
tests, whereas line 3 was used for electro-
physiology. We also used the well known
Tg2576 mice as another control for im-
munohistochemistry; these mice over-
express APP harboring the Swedish
mutation (K670N/M671L) (APPSW) un-
der the hamster prion promoter (Hsiao et
al., 1996).

The levels of expression of human APP
in these mice were compared at 8 or 12
months of age by Western blotting with
6E10 antibody. The APPE693�-Tg mice ex-
pressed human APP to only half the extent
of APPWT-Tg line 1 but at levels similar to
those in line 3, and only 1/10 that in
Tg2576 mice (Fig. 1A). We previously re-
ported that both lines 1 and 3 of the
APPWT-Tg mice exhibit impaired synap-
tic plasticity at 8 months and that synaptic
plasticity in Tg mice is closely related to their
level of expression of APP (Matsuyama et

al., 2007). In the present study, we therefore used APPWT-Tg line
3 as a control for electrophysiology. In Western blotting with an
antibody to the C-terminal region of APP (C40) (Suga et al.,
2004), which recognizes both human and mouse APP, the
APPE693�-Tg mice exhibited twice the amount of APP as their
non-Tg littermates (Fig. 1B), indicating that the levels of human
APP expressed in APPE693�-Tg mice were similar to those of en-
dogenous mouse APP.

APPE693�-Tg mice exhibit accumulation of A� oligomers
within neurons but no extracellular amyloid deposits
We initially examined brain amyloid pathology in our Tg mice by
immunohistochemistry with a polyclonal antibody to the
N-terminal region of A� (�001) (Lippa et al., 1999). At 24
months, the Tg2576 mice displayed abundant extracellular A�
deposits in the cerebral cortex and hippocampus (Fig. 1C–F), as
previously reported (Hsiao et al., 1996). On the other hand, nei-
ther the APPE693�-Tg (Fig. 1G–J) nor APP WT-Tg mice (Fig.

Figure 4. Impairment of synaptic plasticity in APPE693�-Tg mice. Synaptic functions of Tg mice were examined by in vivo
electrophysiology at 8months. Population spikes were recorded in the granular cell body layer of the dentate gyrus in response to
stimulation of the perforant path. A, Basal synaptic transmission was examined by preparing I/O curves with increasing stimulus
intensities. No significant difference was observed among the non-Tg littermates, APPWT-Tg, and APPE693�-Tg mice (n � 4 for
each group). B, Short-term synaptic plasticity was studied by testing PPF. Compared with non-Tg littermates, both APPE693�-Tg
and APPWT-Tg mice exhibited significantly reduced PPF; the reduction was larger in APPE693�-Tg mice than in APPWT-Tg mice.
*p � 0.0275 versus NonTg, **p � 0.0002 versus NonTg; but not significant versus APPWT-Tg (n � 7 for APPE693�-Tg and NonTg;
n � 5 for APPWT-Tg). C, Long-term synaptic plasticity was investigated bymeasuring LTP, whichwas elicited by delivering HFS to
the perforant path. Typical population spikes at 0 and 120 min after HFS are shown. Compared with non-Tg littermates, both
APPE693�-Tg and APPWT-Tg mice exhibited significant impairment of LTP, which was more severe in the APPE693�-Tg mice than
theAPPWT-Tgmice. *p �0.0093 versusNonTg, **p �0.0003 versusNonTg; but not significant versusAPPWT-Tg,when compared
5–120 min after HFS (n � 5 for APPE693�-Tg and NonTg; n � 4 for APPWT-Tg). All values are the mean � SEM.
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1K–N) exhibited amyloid plaque in any
regions we examined at the same age, sim-
ilar to the non-Tg littermates (Fig. 1O–R).
We noted, however, that the APPE693�-Tg
mice exhibited abundant intraneuronal
staining in the cerebral cortex, hippocam-
pus (particularly the CA3 region), and
cerebellum. The APPWT-Tg mice did not
exhibit such intracellular staining despite
having higher expression of APP than the
APPE693�-Tg mice. This finding is consis-
tent with our previous observation that, in
transfected cells, mutant A� E22� accu-
mulated within cells more abundantly
than WT A� (Nishitsuji et al., 2009).

Since the mutant A� E22� that accu-
mulated in transfected cells tended to
form oligomers (Nishitsuji et al., 2009), it
is likely that intraneuronal A� in the
APPE693�-Tg mice also forms oligomers.
To test whether this is the case, brain sec-
tions from mice at various ages were
stained with a monoclonal antibody
NU-1 selective to A� oligomers (Lambert
et al., 2007). As we expected, intraneuro-
nal A� in the cerebral cortex and hippocampus of the
APPE693�-Tg mice was stained by NU-1 (Fig. 2A–H). A� oli-
gomers first appeared at 8 months in both brain regions and
accumulated in age-dependent fashion. The APPWT-Tg mice
(Fig. 2 I, J) and non-Tg littermates (Fig. 2K,L) exhibited no NU-1
staining even at 24 months.

Oligomer formation of A� in the APPE693�-Tg mice was con-
firmed by immunoprecipitation/Western blotting analysis. Brain
tissues at 24 months were homogenized and fractionated by
4-step ultracentrifugation (Kawarabayashi et al., 2001). Initially,
extracellular and intracellular soluble A� was extracted with TBS,
and TBS-insoluble A� was sequentially extracted with two types
of detergent, Triton X-100 and SDS, and finally with FA, which is
commonly used to extract A� from amyloid plaque cores. The
A� in TBS-, Triton X-100-, SDS-, and FA-extracted fractions was
immunoprecipitated with 6E10 antibody and stained with �001
antibody. A� dimers and possibly trimers were detected in the
APPE693�-Tg mice, but only slightly in the APPWT-Tg mice (Fig.
2M). Notably, A� oligomers were fractionated predominantly
into insoluble fractions, particularly the FA-extracted fraction.
This result appears inconsistent with the prevalent view that A�
oligomers are soluble, although the presence in AD brains of
additional oligomers that could be detected only by detergent
extraction has been reported (Gong et al., 2003).

The finding that A� oligomers were largely recovered in in-
soluble fractions suggests the possibility that intraneuronal A� in
the APPE693�-Tg mice may form fibrils, as reported in other
APP-Tg mice (Casas et al., 2004; Oakley et al., 2006). To test
whether this is the case, brain sections at 24 months were stained
with an amyloid-binding dye, thioflavin S. Tg2576 mice dis-
played abundant, strong staining due to amyloid plaques in the
cerebral cortex and hippocampus (Fig. 2 N, O), whereas
APPE693�-Tg mice exhibited no staining (Fig. 2P,Q), except for
very weak, somewhat diffuse staining within neurons in the cere-
bral cortex and hippocampus. Although the origin of these faint
signals is unclear, we suspect that it reflects the binding of thio-
flavin S to A� oligomers rather than to A� fibrils, since several
amyloid-binding dyes, such as Congo red, thioflavin T, and PIB,

have been shown to react with A� oligomers as well as A� fibrils
(Maezawa et al., 2008).

Synaptic and cognitive dysfunction in APPE693�-Tg mice
A� oligomers have been demonstrated to cause synaptic and cog-
nitive dysfunction (Lambert et al., 1998; Walsh et al., 2002; Cleary
et al., 2005; Lesné et al., 2006; Shankar et al., 2008; Tomiyama et
al., 2008) and loss of synapses (Lacor et al., 2007; Shankar et al.,
2007; Takuma et al., 2008) when applied exogenously. To exam-
ine whether synaptic alteration occurs in the APPE693�-Tg mice,
we first examined their synaptic density. Brain sections from
mice at various ages were stained with an antibody to the presyn-
aptic marker synaptophysin. Compared with non-Tg littermates
(Fig. 3A–D) and APPWT-Tg mice (Fig. 3E–H), APPE693�-Tg mice
(Fig. 3I–L) exhibited significant decrease in synaptophysin in the
hippocampus, particularly in the CA3 region, in an age-
dependent fashion from 8 months (Fig. 3M). This timing coin-
cides with that of intraneuronal accumulation of A� oligomers.

We next examined synaptic function by in vivo electrophysi-
ology at 8 months, at which age A� oligomers have begun to
accumulate in APPE693�-Tg mice. In this experiment, we used
line 3 of the APPWT-Tg mice as a control, as described above.
Population spikes were recorded in the granular cell body layer of
the dentate gyrus in response to stimulation of the perforant path.
Basal synaptic transmission was tested by preparing input/output
(I/O) curves with increasing stimulus intensities. No significant
difference was observed among the non-Tg littermates, APPWT-Tg,
and APPE693�-Tg mice (Fig. 4 A). Short-term synaptic plastic-
ity was examined by measuring paired-pulse facilitation (PPF).
Compared with the non-Tg littermates, both the APPWT-Tg and
APPE693�-Tg mice exhibited significantly reduced PPF (Fig. 4B).
The reduction was larger in the APPE693�-Tg mice than in the
APPWT-Tg mice, although the difference between them was not
significant. Last, long-term synaptic plasticity was examined by mea-
suring LTP, which was elicited by delivering high-frequency stimu-
lation (HFS) to the perforant path. Again, significant impairment of
LTP was observed in both the APPWT-Tg and APPE693�-Tg mice
compared with the non-Tg littermates (Fig. 4C). The initial poten-
tiation of population spikes was suppressed more profoundly

Figure 5. Impairment ofmemory in APPE693�-Tgmice. Spatial referencememory of Tgmicewas assessed by theMorris water
maze at 8 months. A, Mice were trained to swim to the hidden platform for 6 consecutive days. Each point represents the mean
latency of five trials per day � SEM (n � 9 for APPE693�-Tg; n � 8 for NonTg and APPWT-Tg). The APPE693�-Tg mice exhibited
significantly longer escape latencies than the APPWT-Tg mice and non-Tg littermates. The APPWT-Tg mice exhibited slightly, but
not significantly, longer escape latencies than the non-Tg littermates. *p � 0.0001 versus NonTg; p � 0.0010 versus APPWT-Tg.
B, At day 7, retention of memory was assessed by a probe trial for 30 s with the platform removed. Each bar represents the mean
time occupancy � SEM in the target quadrant (TQ), adjacent quadrants (AQ1, AQ2), or opposite quadrant (OQ). The APPE693�-Tg
mice spent significantly shorter time in the target quadrant than the APPWT-Tg mice and non-Tg littermates did. *p � 0.0265
versus NonTg; p � 0.0149 versus APPWT-Tg.
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in the APPE693�-Tg mice than in the APPWT-Tg mice, and this
stronger suppression lasted for at least 120 min, though the
difference between them was not significant. Thus, synaptic
plasticity was more strongly impaired in the APPE693�-Tg mice
than in the APPWT-Tg mice.

We also examined cognitive function at the same age (8 months)
using the Morris water maze. In this experiment, line 1 of the
APPWT-Tg mice was used as a control. Before the trials, spontaneous
locomotor activity of mice was measured by the open-field test and
confirmed not to differ among the non-Tg littermates, APPWT-Tg,
and APPE693�-Tg mice (data not shown). The mice were trained for
6 d to remember the location of a hidden platform in a swimming
pool, and the time required to reach the platform was measured in
every trial. The APPE693�-Tg mice exhibited significant deficits in
performance, with longer escape latencies than the APPWT-Tg mice
and non-Tg littermates (Fig. 5A). The APPWT-Tg mice exhibited
slightly, though not significantly, longer escape latencies than the
non-Tg littermates. In a probe trial at day 7, the APPWT-Tg mice and
non-Tg littermates spent �40% of their time in the target quadrant,
whereas the APPE693�-Tg mice swam in that area only �20% of the
time (Fig. 5B). Thus, spatial reference memory of APPE693�-Tg mice
was found to be markedly disrupted, whereas that of APPWT-Tg
mice was not affected.

In summary, the APPE693�-Tg mice exhibited synaptic alter-
ation in parallel with intraneuronal accumulation of A� oli-

gomers without formation of amyloid plaques. These features
indicate that the Tg mouse is a suitable model for investigation of
A� oligomer-induced pathology free of the effects of amyloid
plaques even at old ages.

Abnormal tau phosphorylation in APPE693�-Tg mice
Based on the above findings, we moved to the next study on the
contribution of A� oligomers to other features of AD pathology,
such as abnormal tau phosphorylation, glial activation, and neu-
ronal loss. A� oligomers have been demonstrated to cause these
pathological changes in vitro when applied exogenously to cul-
tured cells and brain slices (Hu et al., 1998; Lambert et al., 1998;
Kayed et al., 2003; De Felice et al., 2008; Jimenez et al., 2008).
However, it is still unclear whether A� oligomers have similar
pathological effects in vivo. In studies of APP-Tg mice reported
thus far, none of these pathological features were detected before
amyloid plaque formation (Duyckaerts et al., 2008).

We first examined abnormal tau phosphorylation in
APPE693�-Tg mice. Brain sections from mice at various ages were
stained with two antibodies reactive to pathological tau: PHF-1,
which is specific to the phosphorylation at Ser396/Ser404
(Greenberg et al., 1992), and MC1, which recognizes the confor-
mational epitopes of pathological tau (Jicha et al., 1997). In the
Tg2576 mice, these antibodies stained dystrophic neurites
around amyloid plaques at 24 months (Fig. 6A, I). The non-Tg

Figure 6. Abnormal tau phosphorylation in APPE693�-Tgmice. A–P, Brain sections of 8 (E, M )-, 12 (F–H, N–P)-, and 24 (A–D, I–L)-month-old Tgmicewere stainedwith antibodies reactive to
pathological tau, PHF-1 (A–H ), and MC1 (I–P). These antibodies stained dystrophic neurites around amyloid plaques in the Tg2576 mice at 24 months (A, I ). The APPWT-Tg mice (B–D, J–L; C, K,
hippocampal CA3 region; D, L, cerebral cortex) exhibited no staining with these antibodies even at 24 months. In contrast, APPE693�-Tg mice (E–H, M–P) began to display PHF-1-positive and
MC1-positive hippocampalmossy fibers (E, M, CA3 region) from 8months. At 12months, immunoreactivity wasmore evident (G, O, the CA3 region), and the cingulumwas also stainedwith PHF-1
but not MC1 (H, P, the cerebral cortex). CTX, Cerebral cortex; HC, hippocampus; mf, mossy fibers; cg, cingulum. Scale bars, 30 �m.
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littermates (data not shown) and APPWT-Tg mice (Fig. 6B–D,J–L)
exhibited no staining with these antibodies in any regions we exam-
ined even at 24 months. In contrast, the APPE693�-Tg mice began to
exhibit PHF-1-positive and MC1-positive staining in hippocam-
pal Mossy fibers from 8 months (Fig. 6E,M). At 12 months,
immunoreactivity was more pronounced, and the cingulum in
cerebral cortex was also stained with PHF-1 but not MC1 (Fig.
6F–H,N–P). These findings demonstrated that A� oligomers
caused abnormal tau phosphorylation in the absence of amyloid
plaques.

Activation of astrocytes and microglia in APPE693�-Tg mice
We next examined glial activation. Brain sections from mice at
various ages were stained with antibodies to GFAP and Iba-1,
which are markers of astrocytes and microglia (Imai et al., 1996),
respectively. At 24 months, Tg2576 mice displayed massive stain-
ing around amyloid plaques with these antibodies (Fig. 7A,C).

The non-Tg littermates exhibited no staining with these antibod-
ies even at 24 months under our staining conditions (Fig. 7B,D).
The APPWT-Tg mice possessed no Iba-1-positive cells (Fig.
7E–H) and only a few GFAP-positive cells (Fig. 7M–P) in cere-
bral cortex and hippocampus at 24 months. In contrast, the
APPE693�-Tg mice began to display Iba-1-positive cells at 12
months (Fig. 7I–L) and GFAP-positive cells at 18 months (Fig.
7Q–T) in these regions. The observed staining in the APPE693�-Tg
mice indicates increased expression of microglial and astrocyte
marker proteins, which is believed to reflect activation of these cells.

Neuronal loss in APPE693�-Tg mice
Finally, we examined whether neuronal loss occurs in the
APPE693�-Tg mice. Brain sections from mice at various ages were
stained with an antibody to NeuN, a marker of mature neurons
(Mullen et al., 1992). Compared with non-Tg littermates (Fig.
8A,E) and APPWT-Tg mice (Fig. 8B,F), APPE693�-Tg mice (Fig.

Figure 7. Glial activation in APPE693�-Tg mice. A–T, Brain sections of 8 (E, I, M, Q)-, 12 (F, J, N, R)-, 18 (G, K, O, S)-, and 24 (A–D, H, L, P, T )-month-old Tg mice were stained with antibodies to
Iba-1 (A, B, E–L) andGFAP (C, D, M–T ),which aremarkers ofmicroglia and astrocytes, respectively. All imageswere taken from thehippocampal CA3 region, except those of the Tg2576mice,which
were obtained from cerebral cortex. The Tg2576 mice (A, C) at 24 months exhibited massive staining with these antibodies around amyloid plaques, while the non-Tg littermates (B, D) exhibited
no staining at 24months. The APPWT-Tgmice (E–H, M–P) possessed no Iba-1-positive cells and only a fewGFAP-positive cells at 24months. In contrast, the APPE693�-Tgmice (I–L, Q–T ) displayed
Iba-1-positive cells from 12 months and GFAP-positive cells from 18 months in both the hippocampus and cerebral cortex. Scale bar, 30 �m.
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8C,G) exhibited a significant decrease in NeuN-positive cells in
the hippocampal CA3 region at 24 months (Fig. 8D). No appar-
ent decrease in NeuN-positive cells was observed in the cerebral
cortex at this age. The APPWT-Tg mice did not exhibit significant
neuronal loss compared with the non-Tg littermates. These find-
ings suggest that A� oligomers triggered the pathological cas-
cades leading to neuronal death, in which neuronal loss occurred
a long period of time after the start of intraneuronal accumula-
tion of A� oligomers at 8 months. The hippocampal CA3 region
appears to be particularly vulnerable to the toxic effects of A�
oligomers.

These findings together suggest that A� oligomers, which are
localized within neurons in APPE693�-Tg mice, significantly con-
tribute not only to synaptic alteration but also to other features of
AD pathology in vivo.

Discussion
In the present study, we generated novel APP-Tg mice expressing
the E693� mutation to test in vivo the ability of A� oligomers to
produce the synaptic, cognitive, and neuropathological features
of AD. On immunohistochemical examination, APPE693�-Tg
mice exhibited age-dependent accumulation of A� oligomers
within neurons in the cerebral cortex and hippocampus from 8
months, but no amyloid plaques even at 24 months. Biochemical
analysis confirmed the accumulation of A� dimers and possibly
trimers in their brains. This is consistent with our previous find-
ings that mutant A� E22� peptides neither formed amyloid
fibrils in vitro nor were deposited in amyloid plaques in AD pa-
tient brains, and instead formed abundant oligomers in vitro
(Tomiyama et al., 2008) and accumulated in oligomeric forms
within transfected cells (Nishitsuji et al., 2009). The enhanced
formation of A� oligomers and the lack of amyloid plaques in our
APPE693�-Tg mice indicate that this mouse model is suitable for
study of the contribution of A� oligomers to the pathogenesis
of AD.

We initially tested in our APPE693�-Tg mice whether the con-
sensus that A� oligomers cause early synaptic pathology in AD is
correct. Synaptic and cognitive functions were examined by in
vivo electrophysiology and behavioral tests using the Morris wa-
ter maze at 8 months. By this age, A� oligomers had begun to

accumulate within neurons in the hippocampus and cerebral
cortex of the APPE693�-Tg mice. Although their basal synaptic
transmission was not affected at this age, short-term and long-
term synaptic plasticity (PPF and LTP, respectively) and spatial
reference memory were significantly impaired. Our control
APPWT-Tg mice also exhibited weaker but significant impair-
ment of synaptic plasticity at 8 months, despite little accumula-
tion of A� oligomers. One possible explanation for these findings
is that in vivo electrophysiology is a very sensitive assay, and that
therefore even trace amounts of A� oligomers in the APPWT-Tg
mice could be found to cause synaptic dysfunction. Such small
amounts of A� oligomers may not be detected by immunohisto-
chemistry or Western blotting, and may be insufficient to cause
cognitive impairment in water maze tasks which may be less sen-
sitive than other behavioral tasks. Another possibility is that ele-
vated secretion of A� from neurons may lead to synaptic
depression (Kamenetz et al., 2003; Ting et al., 2007), in which A�
monomer, as well as oligomers, may act as a negative regulator of
synaptic transmission. Alternatively, overexpression of APP in
neurons may itself cause synaptic dysfunction, independent of
A� production. We also examined whether loss of synapses oc-
curred in our APPE693�-Tg mice. Immunohistochemistry for the
presynaptic marker synaptophysin demonstrated that synaptic
density in the hippocampus of these mice decreased in age-
dependent fashion from 8 months, in parallel with accumulation
of A� oligomers. Thus, A� oligomers were confirmed to cause
early synaptic pathology in the absence of amyloid plaques in our
APPE693�-Tg mice.

The next and main objective of the present study was to clarify
whether A� oligomers contribute in vivo to features of AD pa-
thology other than synaptic alteration. Although numerous lines
of APP-Tg mice have been shown to exhibit abnormal tau phos-
phorylation in the brain, this was detected only after amyloid
plaque formation and within the dystrophic neurites surround-
ing plaques (Duyckaerts et al., 2008). We examined our
APPE693�-Tg mice for tau pathology using immunohistochemis-
try. In the absence of amyloid plaques, the mice displayed abnor-
mal tau phosphorylation in the hippocampus and cerebral cortex
from 8 months, in parallel with intraneuronal accumulation of

Figure 8. Neuronal loss in APPE693�-Tgmice. A–C, E–G, Brain sections of Tgmicewere stainedwith an antibody to NeuN, amarker ofmature neurons. Comparedwith non-Tg littermates (A, E)
andAPPWT-Tgmice (B, F ), APPE693�-Tgmice (C, G) exhibited significant decrease inNeuN-positive cells in thehippocampal CA3 region, butnodecrease in cerebral cortex at 24months; hippocampal
CA3 region (A–C) and cerebral cortex (E–G). No significant differencewas observed between non-Tg littermates and APPWT-Tgmice at 24months. D, NeuN-positive cells in the pyramidal cell layer
of the hippocampal CA3 region were counted within 900 �m from its end toward the dentate gyrus in the photographs. *p � 0.0044 versus NonTg; p � 0.0121 versus APPWT-Tg (n � 4). CTX,
Cerebral cortex; HC, hippocampus. Scale bars, 100 �m.
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A� oligomers. Tau hyperphosphorylation was detected in hip-
pocampal mossy fibers and the cingulum, which connect granule
cells of the dentate gyrus and the hippocampal CA3 region and
the cingulate gyrus and entorhinal cortex, respectively. These
neural connections have been thought to play important roles in
learning, memory, and consciousness, and to be altered early in
AD (Arendt, 2004; Villain et al., 2008).

Clustering of activated astrocytes and microglia around amy-
loid plaques is another feature of AD pathology thought to be
involved in neurodegeneration via cytokine and chemokine re-
lease from these cells. Activation of astrocytes and/or microglia
has been observed in many APP-Tg mice, though again this was
only after amyloid plaque formation and was in the vicinity of
plaques (Duyckaerts et al., 2008). On immunohistochemical ex-
amination, the APPE693�-Tg mice exhibited activation of micro-
glia from 12 months and activation of astrocytes from 18 months
in the cerebral cortex and hippocampus. Although we did not con-
firm the presence of extracellular A� oligomers in APPE693�-Tg
mouse brain, the observed glial activation and recruitment may be
caused by overflow of extracellular diffusible A� oligomers from
neurons (Oddo et al., 2006). Alternatively, glial cells might have been
activated and recruited by cytokines or chemokines released from
glial cells which neighbored and were in contact with aberrant neu-
rons containing A� oligomers.

The most striking feature of AD pathology is neuronal loss. In
APP-Tg mice, the occurrence of neuronal loss has in several lines
been reported only after intense development of amyloid plaques
(Duyckaerts et al., 2008). On immunohistochemical examina-
tion, we found that our APPE693�-Tg mice, despite their lack of
amyloid plaques, exhibited significant neuronal loss in the hip-
pocampal CA3 region at 24 months. To our knowledge, this is the
first report that neuronal loss was induced by A� oligomers alone
in vivo in the absence of amyloid plaques. No neuronal loss was
observed at younger ages or in other brain regions, suggesting
that A� oligomer-induced neuronal death requires long expo-
sure of cells to A� oligomers in vivo and occurs in cells vulnerable
to the toxic effects of A� oligomers. This is consistent with our
observation that, in patients with the E693� mutation, mild at-
rophy began to occur initially in the hippocampus several years
after the onset of AD (H. Shimada, S. Ataka, T. Tomiyama, J.
Takeuchi, H. Takechi, H. Mori, and T. Miki, unpublished
observations).

Our findings imply that intracellular A� plays important roles
in synaptic alteration and subsequent neuropathology. A similar
relationship between intracellular A� and synaptic pathology has
been reported in other Tg mice. In the triple transgenic 3xTg-AD
mice, synaptic and cognitive dysfunction were found to be cor-
related with the accumulation of intraneuronal A� in the hip-
pocampus (4 months) before amyloid plaque formation (12
months) (Oddo et al., 2003; Billings et al., 2005). In arcA� mice,
cognitive dysfunction was observed at 6 months, after the intra-
neuronal accumulation of A� (3 months) but before amyloid
plaque formation (7 months) (Knobloch et al., 2007). Further-
more, in AD and Tg2576 mouse brains, morphological alter-
ations of synapses occurred in association with intraneuronal
accumulation of A� (Takahashi et al., 2002), and some of the
intraneuronal A� formed oligomers (Takahashi et al., 2004). We
also previously observed that in AD brains, synaptophysin was
decreased around neurons containing A� oligomers (Ishibashi et
al., 2006). Many other studies of patients with AD (Gouras et al.,
2000; Fernández-Vizarra et al., 2004) and Down syndrome (Mori
et al., 2002) and of APP-Tg mice (Casas et al., 2004; Lord et al.,
2006; Oakley et al., 2006) have demonstrated that intraneuronal

accumulation of A� is an early pathological change observed
before amyloid plaque formation. However, we cannot exclude
the possibility that the pathological changes we observed were
induced by extracellular soluble A� oligomers. It appears possi-
ble that both extracellular and intracellular A� oligomers con-
tribute to the pathology of AD.

Notably, A� oligomers predominantly accumulated in insoluble
fractions, particularly the FA-extracted fraction, in APPE693�-Tg
mice. This finding appears inconsistent with the prevalent view
that A� oligomers are soluble. However, detergent-insoluble fea-
tures of intracellular A� have also been demonstrated in
3xTg-AD mice (Billings et al., 2005). It may be that the soluble
fraction of intracellular A� oligomers is in an equilibrium with
the insoluble fraction, and that the E22� mutation in A� tends to
shift the equilibrium toward the insoluble fraction. It is unclear
whether these insoluble A� oligomers form fibrils within cells.
While very weak thioflavin S staining was observed in neurons in
the APPE693�-Tg mice, this staining may have reflected its bind-
ing to A� oligomers rather than A� fibrils. Alternatively, intran-
euronal thioflavin S staining may reflect the presence of fibrillar
aggregates of hyperphosphorylated tau. In our previous study,
A� was found to localize largely at endosomes, and to a lesser
extent in the ER, Golgi, lysosomes, and autophagosomes in cul-
tured cells (Nishitsuji et al., 2009). In AD and Tg2576 mouse
brains, A� was found to accumulate in multivesicular bodies,
which are a type of endosome (Takahashi et al., 2002). Thus,
endosomes may be the main site of accumulation of insoluble
A�. A study to determine the subcellular localization of A� oli-
gomers in our APPE693�-Tg mice is ongoing.

In summary, we found that A� oligomers caused not only
synaptic alteration but also abnormal tau phosphorylation, mi-
croglial activation, astrocyte activation, and neuronal loss in vivo
in the absence of amyloid plaques. Our findings provide a new
insight into the pathogenesis of AD, that amyloid plaque forma-
tion is not an absolute requirement for the onset and develop-
ment of AD. Instead, A� oligomers play pivotal roles throughout
the progression of AD. It is true that we have not yet succeeded in
forming neurofibrillary tangles in these mice and thus need to
refine this model. Nevertheless, our Tg mice are, at present, the
only animal model of A� oligomer-induced pathology avoiding
the effects of amyloid plaques even at old ages, and are thus a
valuable means of investigation of the pathological and physio-
logical roles of A�
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