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Statistical analysis

Comparisons of means between 2 groups were performed using
the unpaired Student's t-test (for AB), while those among the 4
groups were performed with ANOVA (for cholesterol, synaptophysin,
and probe trial) or two-factor repeated measures ANOVA (for memory
acquisition) followed by Fisher's PLSD test. Differences with a p value of
less than 0.05 were considered significant.

Results
Diet-induced hypercholesterolemia in APPosk-Tg mice

Five-month-old male APPosk-Tg mice and non-Tg littermates were
fed a high-cholesterol diet for 1 month to induce hypercholesterolemia.
Control APPysk-Tg mice and non-Tg littermates were fed normal chow.
At the end of the month, serum cholesterol levels of the APPysi-Tg
mice and non-Tg littermates that were fed the high-cholesterol diet
were significantly higher than those of their counterparts fed a normal
diet (Fig. 1A), indicating that hypercholesterolemia was successfully in-
duced. Brain cholesterol levels in these mice were also measured after
behavioral tests. Both hypercholesterolemic APPosk-Tg mice and hyper-
cholesterolemic non-Tg littermates showed higher cholesterol levels in
the hippocampus than control mice (Fig. 1B), although this increase
was significant in the APPosk-Tg mice only.
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Fig. 1. Serum and brain cholesterol levels in mice. Five-month-old APPosk-Tg mice and
non-Tg littermates were fed a high-cholesterol diet or normal chow for 1 month. (A)
Serum cholesterol levels were determined before behavioral tests. The results are
means+S.EM. (n=5 for hypercholesterolemic APPgsk-Tg mice; n=8 for other
groups). *p<0.0001 vs non-Tg littermates fed normal chow; p<0.0001 vs APPosk-Tg
mice fed normal chow; not significant vs APPosk-Tg mice fed high-cholesterol diet,
**p<0.0001 vs non-Tg littermates fed normal chow; p<0.0001 vs APPqsk-Tg mice fed
normal chow. (B) Brain cholesterol levels were determined from the hippocampal tis-
sues after behavioral tests. The results are means+S.EM. (n=3 per group).
*p=0.0031 vs non-Tg littermates fed normal chow; p=0.0043 vs APPysc-Tg mice
fed normal chow; not significant vs non-Tg littermates fed high-cholesterol diet.
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Cognitive dysfunction in hypercholesterolemic APPysi-Tg mice

To determine whether hypercholesterolemia affects cognitive
function in mice, we studied the spatial reference memory of mice
using the Morris water maze when mice were 6 months of age, a
time when APPqsk-Tg mice ordinarily show no symptoms or patholo-
gy of AD. Mice were trained for 5 days to remember the location of a
hidden platform in a swimming pool (memory acquisition), and were
tested for memory retention at day 6 in a probe trial with the plat-
form removed. Hypercholesterolemic non-Tg littermates showed
performance similar to or slightly better than control non-Tg litter-
mates in both memory acquisition (Fig. 2A) and retention tests
(Fig. 2B). Control APPysk-Tg mice also showed performance similar
to or slightly worse than control non-Tg littermates, whereas hyper-
cholesterolemic APPosk-Tg mice displayed significant deficits in per-
formance with longer escape latencies in the memory acquisition
test and lower time occupancy in the target quadrant in the probe
trial than control non-Tg littermates. These results indicate that
hypercholesterolemia does not significantly affect cognitive func-
tion in wild-type mice at 6 months of age, but causes earlier
onset of memory impairment in APPosk-Tg mice. After the water
maze task, locomotor activities of mice were examined by an open
field test. No significant difference in locomotion among the 4 groups
was recorded (data not shown), indicating that the memory impair-
ment observed in hypercholesterolemic APPosk-Tg mice was not due
to motor dysfunction.
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Fig. 2. Memory impairment in hypercholesterolemic APPosk-Tg mice. Six-month-old
APPqsi-Tg mice and non-Tg littermates with or without hypercholesterolemia were
tested for spatial reference memory. Memory acquisition (A) and retention (B) were
assessed using the Morris water maze. In probe trials (B), time spent in the target
quadrant was measured. The results are means +S.E.M. (n=>5 for hypercholesterol-
emic APPosk-Tg mice; n=28 for other groups). *p<0.0001 vs normal non-Tg litter-
mates; p<0.0001 vs hypercholesterolemic non-Tg littermates; p=0.0003 vs normal
APPqsk-Tg mice, **p=0.0209 vs normal non-Tg littermates; p=0.0148 vs hypercho-
lesterolemic non-Tg littermates; p = 0.0443 vs normal APPosi-Tg mice.
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Intraneuronal accumulation of Af3 oligomers in hypercholesterolemic
APPpsi-Tg mice

We previously showed that cognitive dysfunction in APPosk-Tg
mice was associated with intraneuronal accumulation of Ap oligo-
mers and subsequent synapse loss (Tomiyama et al., 2010). To inves-
tigate the effect of hypercholesterolemia on intraneuronal AP, we
examined the brain sections of mice by immunohistochemistry
using 3001 antibody that recognizes the N-terminus of AR and NU-
1 antibody that selectively recognizes AP oligomers. Sections from
control non-Tg littermates, control APPosk-Tg mice and hypercholes-
terolemic non-Tg littermates were negative for staining with (3001
(Fig. 3A) and NU-1 (Fig. 3B) in the hippocampus and cerebral cortex.
In contrast, hypercholesterolemic APPysi-Tg mice exhibited marked
staining with 3001 and NU-1 within neurons in the hippocampal
CA3 region and some staining in the cerebral cortex at 6 months of
age. In our previous observation, these brain regions showed AR oligomer
accumulation only from 8 months of age in APPosk-Tg mice (Tomiyama et
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al, 2010). Thus, hypercholesterolemia accelerated accumulation of intra-
neuronal AP oligomers in APPosk-Tg mice. Hypercholesterolemia-
induced accumulation of brain Af> was confirmed by ELISA. The levels
of A31-40 and A[31-42 in TBS soluble fractions were significantly in-
creased in hypercholesterolemic APPosk-Tg mice, compared with
control APPsi-Tg mice (Fig. 3C). TBS insoluble AR1-40 and AR1-42
were also increased, although the changes were not significant.

Synapse loss in hypercholesterolemic APPosi-Tg mice

We next examined whether synapse loss also occurred in hypercho-
lesterolemic APPysk-Tg mice at 6 months of age. Brain sections were
stained with an antibody to the presynaptic marker synaptophysin
and the intensities were quantified. Neither control APPosk-Tg mice
nor hypercholesterolemic non-Tg littermates showed significant
changes in synaptophysin levels in the hippocampus compared with
control non-Tg littermates (Fig. 4A and B). In contrast, hypercholester-
olemic APPosi-Tg mice displayed a marked decrease in synaptophysin
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Fig. 3. Intraneuronal accumulation of A oligomers in hypercholesterolemic APPosk-Tg mice. Brain sections from 6-month-old APPosk-Tg mice and non-Tg littermates with or with-
out hypercholesterolemia were stained with antibodies to AR (3001, A) and AP oligomers (NU-1, B). The photographs show the cerebral cortex (CTX) and hippocampal CA3 regions
(HC). Scale bar =30 um. (C) AP concentrations in brain TBS soluble and insoluble fractions from APPqsk-Tg mice with or without hypercholesterolemia were measured by ELISA.
The results are means 4+ S.E.M. (n=3 per group). *p=0.0019 and **p=10.0020 vs control APPysx-Tg mice.
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Fig. 4. Decrease in synaptophysin levels in hypercholesterolemic APPysk-Tg mice. (A) Brain sections from 6-month-old APPosk-Tg mice and non-Tg littermates with or without hy-
percholesterolemia were stained with antibody to synaptophysin. The photographs show the hippocampal CA1 and CA3 regions. (B) The synaptophysin fluorescence intensities in
the hippocampal CA3 regions were quantified and shown in arbitrary units (AU). The results are means4+SE.M. (n=3 per group). *p=0.0019 vs normal non-Tg littermates;
p=0.0012 vs hypercholesterolemic non-Tg littermates; p =0.0239 vs normal APPpsk-Tg mice.

levels in the hippocampus. Again, since our previous study showed that
hippocampal synapse loss in APPosk-Tg mice occurred from 8 months
of age (Tomiyama et al., 2010), this collectively indicates that hypercho-
lesterolemia also accelerated synaptic alteration.

Abnormal tau phosphorylation in hypercholesterolemic APPosk-Tg mice

Our previous study revealed that APPosk-Tg mice developed abnor-
mal tau phosphorylation soon after the beginning of intraneuronal ac-
cumulation of AR oligomers (Tomiyama et al,, 2010). It is of interest to
clarify whether hypercholesterolemia also accelerates tau pathology.
Brain sections were stained with PHF-1, an antibody to phosphorylated
tau. Control and hypercholesterolemic non-Tg littermates and control
APPosk-Tg mice displayed no staining in the hippocampus and cerebral
cortex (Fig. 5A). In contrast, hypercholesterolemic APPosk-Tg mice
exhibited PHF-1-positive staining in hippocampal Mossy fibers at
6 months of age. These results indicate that hypercholesterolemia ac-
celerated not only AB but also tau pathology, and that the latter pathol-
ogy was probably mediated by intraneuronal AR oligomers, not directly
by hypercholesterolemia itself. Hypercholesterolemia-accelerated ab-
normal tau phosphorylation was confirmed by western blot. While
total tau levels did not differ between hypercholesterolemic and control
APPosk-Tg mice, the levels of PHF-1-positive phosphorylated tau were
apparently increased in hypercholesterolemic APPosk-Tg mice in both
TBS soluble and insoluble fractions (Fig. 5B).

100

Hypercholesterolemia-accelerated intraneuronal AB oligomers in Tg2576
mice

AR with the Osaka (E22A) mutation has a particular tendency to
accumulate within cells, forming oligomers in contrast to wild-type AR
(Nishitsuji et al., 2009; Ito et al., 2009; Tomiyama et al., 2010; Umeda
et al,, 2011). This raises the question of whether or not other mouse
models expressing wild-type AR also show hypercholesterolemia-
accelerated accumulation of intraneuronal Af oligomers as we observed
in APPosk-Tg mice. To address this question, we examined the effect of
hypercholesterolemia on intraneuronal AR oligomers in a well-known
AD model mouse, Tg2576. This mouse has been reported to start amy-
loid deposition from 9 to 10 months of age (Hsiao et al., 1996). We fed
7-month-old Tg2576 mice the high-cholesterol diet for 1 month and ex-
amined their amyloid pathology at 8 months of age by immunohisto-
chemistry. Control Tg2576 mice that were fed normal chow showed
intracellular 3001- and NU-1-positive staining in the cerebral cortex
and rarely in the hippocampus but no extracellular amyloid deposition
(Fig. 6A and B). On the other hand, Tg2576 mice that were fed the
high-cholesterol diet exhibited intensely intracellular R001- and NU-1-
positive staining in both the cerebral cortex and hippocampus, and fur-
thermore, a few extracellular amyloid deposits in the cerebral cortex
and entorhinal cortex (Fig. 6C). Notably, some of these deposits were
tiny, atypical in morphology, and closely associated with neuronal cell
bodies as if they had overflowed the cells. These results indicate that
hypercholesterolemia-accelerated accumulation of intraneuronal AP
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Fig. 5. Abnormal tau phosphorylation in hypercholesterolemic APPysk-Tg mice. (A) Brain sections from 6-month-old APPosk-Tg mice and non-Tg littermates with or without hy-
percholesterolemia were stained with antibody to phosphorylated tau (PHF-1). The photographs show the hippocampal CA3 regions. Scale bar = 50 um. (B) The levels of total and
phosphorylated tau in brain TBS soluble and insoluble fractions from APPqsk-Tg mice with or without hypercholesterolemia were examined by western blot using pool 2 and PHF-1

antibodies, respectively. M, MagicMark XP western standard (Invitrogen).

oligomers is not restricted to APPosk-Tg mice but also occurs in other
model mice.

Discussion

In the present study, we investigated the relationships between
hypercholesterolemia, memory impairment, and intraneuronal AR
using our AD model mouse, APPosk-Tg. A high-cholesterol diet suc-
cessfully induced hypercholesterolemia in normal and AD model
mice. Brain cholesterol levels were also increased, suggesting that
they reflect the levels of serum cholesterol. It is generally believed
that cholesterol itself does not easily cross the blood brain barrier and
that brain and peripheral cholesterol levels are independently regulated.
However, brain cholesterol can be excreted into the circulation via its
conversion into 24S-hydroxycholesterol, and inversely, peripheral
cholesterol can be taken up by the brain via its conversion into 27-
hydroxycholesterol (Bjorkhem, 2006). These transports are presumed
to occur by diffusion due to the concentration gradient of each oxysterol
between the brain and the circulation (Bjorkhem, 2006). Thus, high
levels of serum cholesterol may cause an increased flux of cholesterol
from the circulation into the brain through the conversion between cho-
lesterol and oxysterol, leading to increased levels of brain cholesterol. We
found that hypercholesterolemia accelerates intraneuronal accumulation
of AP oligomers and subsequent synapse loss resulting in memory im-
pairment. Control APPqsk-Tg mice that were fed normal chow showed
neither intraneuronal AP oligomers nor memory impairment at the
same age (6 months old). Our findings suggest that intraneuronal A{,
particularly its oligomeric forms, play an important role in the onset of
cognitive dysfunction in AD.

It has been shown that high levels of cellular cholesterol inhibit -
secretase (Bodovitz and Klein, 1996) and increase AP generation via
activation of both (3- and +y-secretases (Frears et al., 1999; Xiong et
al.,, 2008) and that diet-induced hypercholesterolemia increases Ap
levels in the brain and thus accelerates extracellular AR deposition
in transgenic mice (Refolo et al., 2000; Shie et al., 2002). The present
study shows that diet-induced hypercholesterolemia also enhances the
intraneuronal accumulation of AR in both APPqsk-Tg and Tg2576 mice.
AP is generated in various intracellular compartments such as the ER,
Golgi apparatus, endosomes, and autophagosomes, in addition to the
plasma membrane (Nishitsuji et al., 2009). Enhanced AP generation in
these organelles stimulated by high cholesterol intake would result in
intracellular accumulation of Ap>. We previously proposed that AR

upregulation by high cholesterol stimulation occurs to maintain cellular
cholesterol levels (Umeda et al., 2010). That is, AR mediates cholesterol
efflux from cells by forming high-density lipoprotein (HDL)-like particles
with excess cellular cholesterol during its secretion. This apolipoprotein-
like function of AP requires interaction with ATP-binding cassette trans-
porter A1 (ABCA1), a transmembrane protein as a cholesterol donor. In
general, cholesterol is taken up by cells via receptor-mediated endocyto-
sis and is transported from endosomes to the ER and the plasma mem-
branes. Thus, increased levels of cellular cholesterol may promote
interaction between A3 and ABCA1 within the plasma membrane or in-
tracellular compartments such as endosomes and ER, which may lead to
intracellular accumulation of AP. It has also been proposed that AP regu-
lates cellular cholesterol levels by inhibiting the cholesterol biosynthesis
enzyme, hydroxymethylglutaryl-CoA (HMG-CoA) reductase (Grimm et
al., 2005). Since this enzyme primarily localizes to the ER, the AP pro-
duced in response to high levels of cellular cholesterol may accumulate
in the ER to inhibit further cholesterol synthesis.

The mechanism underlying intraneuronal Ap-induced memory
impairment remains unclear. We have investigated the mechanisms
by which intraneuronal accumulation of AR oligomers cause cell death
in APPpsk-Tg mice (Umeda et al, 2011). AP oligomers accumulated
within the ER, endosomes/lysosomes, and mitochondria in hippocampal
neurons of APPgsi-Tg mice and caused ER stress, endosomal/lysosomal
leakage, and mitochondrial dysfunction at 18 months of age. These in-
sults presumably lead to eventual neuronal death, i.e. at 24 months of
age in APPosk-Tg mice. At younger ages, the damage caused by intracel-
lular AR oligomers would be less, but even mild aberration in these or-
ganelles might profoundly affect synaptic function, because these
organelles play crucial roles in cellular Ca?* control and endocytosis/
exocytosis, which are both involved in synaptic function. In addition,
APPogs-Tg mice were demonstrated to develop abnormal tau phosphor-
ylation soon after the beginning of intraneuronal accumulation of AR
oligomers (Tomiyama et al,, 2010), suggesting that intraneuronal Ap
oligomers trigger the pathological alteration of tau. Abnormal phos-
phorylation of tau would affect its function in axonal transport and in
dendrites, leading to synaptic dysfunction. Hippocampal neurons in cul-
ture respond to toxic AP oligomers with increased tau phosphorylation
(De Felice et al., 2008) and impaired axonal transport (Decker et al.,
2010). Hypercholesterolemia is presumed to accelerate these synapto-
toxic processes by enhancing AP generation.

In this study, we observed the very beginning of amyloid plaque
formation in 8-month-old hypercholesterolemic Tg2576 mice, at
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Fig. 6. Intraneuronal accumulation of AR oligomers in hypercholesterolemic Tg2576 mice. Seven-month-old Tg2576 mice were fed a high-cholesterol diet or normal chow for
1 month. Their brain sections were stained with antibodies to AR (001, A and C) and A oligomers (NU-1, B). (A, B) The photographs show the cerebral cortex (CTX) and hippo-
campal CA3 regions (HC). (C) Extracellular amyloid deposits were detected in the cerebral cortex and entorhinal cortex of hypercholesterolemic mice. Scale bar =30 pm.

which age intraneuronal accumulation of AR was already detected,
even in normal Tg2576 mice. It is noteworthy that some of these ex-
tracellular AR deposits were closely associated with neuronal cell
bodies, implying the possibility that they originated from intracellular
AR pools. Similar observations have been reported in AD patients
(D'Andrea et al.,, 2001) and other mouse models (Oakley et al., 2006).
In addition, previous studies have suggested that intraneuronal AR serves
as a source for extracellular amyloid deposits (Oddo et al., 2006) and that
amyloid seeds are formed by intracellular concentration and aggregation
of AR within endosomal/lysosomal compartments (Hu et al, 2009;
Friedrich et al., 2010). Taken together, it is likely that enhanced accumu-
lation of intraneuronal AR and its subsequent leakage from cells into the
extracellular space during neurodegenerative processes led to the accel-
erated extracellular amyloid deposition in hypercholesterolemic mice
(Refolo et al., 2000; Shie et al.,, 2002; and the present study).

Our findings imply that intracellular AR oligomers play important
roles in synaptic and cognitive dysfunction. However, we cannot ex-
clude the possibility that both extracellular and intracellular AR oligo-
mers contribute to the synaptic pathology of AD. For example, Tg2576
mice have been reported to exhibit memory impairment at 6 months
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of age accompanied with the appearance of extracellular soluble AR
oligomers termed AB56 (Lesné et al, 2006). On the other hand, we
detected intraneuronal accumulation of AR in Tg2576 mice at the
same age (6-month-old) using human AB-specific monoclonal antibody
82E1, although the immunoreactivities were very faint (unpublished
observation). In APPqsk-Tg mice and 3xTg-AD mice, memory impair-
ment appeared to be closely correlated with intraneuronal AR accumu-
lation. Nevertheless, further studies are required to elucidate the
possible existence of extracellular synaptotoxic AR species associated
with memory impairment in these mice.

Conclusion

Diet-induced hypercholesterolemia in APPosy-Tg mice caused earlier
onset of cognitive dysfunction, which was accompanied with accelerated
accumulation of intraneuronal AR oligomers and subsequent synapse
loss in the hippocampus. Our findings suggest that hypercholesterolemia
causes memory impairment by accelerating intraneuronal accumulation
of AB, particularly its oligomeric form.
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Amyloid B (Ap) oligomers are presumed to be one of the causes of Alzheimer's disease (AD). Previously,
we identified the E693A mutation in amyloid precursor protein (APP) in patients with AD who displayed
almost no signals of amyloid plaques in amyloid imaging. We generated APP-transgenic mice expressing
the E693A mutation and found that they possessed abundant AB oligomers from 8 months of age but no
amyloid plaques even at 24 months of age, indicating that these mice are a good model to study patho-
logical effects of Ap oligomers. To elucidate whether AR oligomers affect proteome levels in the brain,
we examined the proteins and phosphoproteins for which levels were altered in 12-month-old
APPgso3a-transgenic mice compared with age-matched non-transgenic littermates. By two-dimensional
gel electrophoresis (2DE) followed by staining with SYPRO Ruby and Pro-Q Diamond and subsequent
mass spectrometry techniques, we identified 17 proteins and 3 phosphoproteins to be significantly chan-
ged in the hippocampus and cerebral cortex of APPgggsa-transgenic mice. Coactosin like-protein, SH3
domain-bind glutamic acid-rich-like protein 3 and astrocytic phosphoprotein PEA-15 isoform 2 were
decreased to levels less than 0.6 times those of non-transgenic littermates, whereas dynamin, profilin-
2, vacuolar adenosine triphosphatase and creatine kinase B were increased to levels more than 1.5 times
those of non-transgenic littermates. Furthermore, 2DE Western Blotting validated the changed levels of
dynamin, dihydropyrimidinase-related protein 2 (Dpysl2), and coactosin in APPggg3a-transgenic mice.
Glyoxalase and isocitrate dehydrogenase were increased to levels more than 1.5 times those of non-
transgenic littermates. The identified proteins could be classified into several groups that are involved
in regulation of different cellular functions, such as cytoskeletal and their interacting proteins, energy
metabolism, synaptic component, and vesicle transport and recycling. These findings indicate that AB
oligomers altered the levels of some proteins and phosphoproteins in the hippocampus and cerebral cor-
tex, which could illuminate novel therapeutic avenues for the treatment of AD.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction (Akiyama et al., 2000; Glenner and Wong, 1984; Nunomura et al.,

2001). Although the current amyloid cascade hypothesis (Hardy

Alzheimer's disease (AD) is the most frequent neurodegenerative
disorder and the most common cause of dementia in the elderly (Lee
et al.,, 2001). AD is neuropathologically characterized by abnormal
accumulation of extracellular amyloid plaques and intracellular
neurofibrillary tangles throughout cortical and limbic regions.
There are numerous, complex pathological changes in AD brain that
contribute to neural and synaptic degeneration, including
mitochondrial dysfunction, oxidative damage, and inflammation
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and Selkoe, 2002) and tau hypothesis (Lee et al,, 2001) provide
frameworks for studying AD pathogenesis, the detailed molecular
mechanisms that translate amyloid or tau accumulation into neural
damage and functional brain impairments are largely unknown. Re-
cently, diverse lines of evidence suggest that amyloid-beta (AB) pep-
tides play more important roles in AD pathogenesis (Klein et al.,
2001; Li et al,, 2009; Selkoe, 2002). Especially, soluble oligomers
of AB could be a cause of synaptic and cognitive dysfunction in the
early stage of AD.

We previously identified the E693A mutation in amyloid pre-
cursor protein (APP) in patients with AD who displayed almost
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no signals of amyloid plaques in amyloid imaging (Tomiyama et al.,
2008). To address the relationship between A oligomers and path-
ological features of AD, we generated APP transgenic mice express-
ing the E693A mutation, which enhanced Ap oligomerization
without fibrillization (Tomiyama et al., 2011). The APPggg3a-trans-
genic mice displayed age-dependent accumulation of intraneuro-
nal Ap oligomers from 8 months and showed impairment of
hippocampal synaptic plasticity and memory at 8 months, abnor-
mal tau phosphorylation from 8 months, glial activation from
12-18 months, and neuronal loss at 24 months, but no amyloid
plaques even at 24 months (Tomiyama et al., 2011). Thus, the AP-
Pegosa-transgenic mice might become a useful model to elucidate
AP oligomer-dependent pathways in AD pathology.

The APPggg3a-transgenic mouse model might provide a clue for
elucidating AD pathology to detect proteomic alteration caused by
AP oligomers in the brain. One of the most utilized approaches in
proteomics to quantify and identify proteins is 2DE and mass spec-
trometry (MS)(Gorg et al., 2000). This proteomic approach as re-
vealed differential levels of proteins expressed in the brains of
AD patients (Sultana et al., 2007), mutant APP transgenic mice
(Shin et al., 2004), and mutant tau transgenic mice (Takano et al.,
2009). Using the 2DE and MS approach, we identified 17 proteins
and 3 phosphoproteins for which levels were altered in the
hippocampus and cerebral cortex of 12-month-old APPggg3a-trans-
genic mice compared with age-matched non-transgenic litter-
mates. These proteins might play pivotal roles in the early stage
of AD.

2. Experimental procedures
2.1. Materials

Sodium dodecyl sulfate, urea, thiourea, CHAPS, dithiothreitol,
iodoacetamide, bromo phenol blue, and RNase A and DNase [ for
SDS-PAGE or 2DE were all obtained from Wako Pure Chemical
Industries (Osaka, Japan). Source information for all other assay re-
agents and materials are incorporated into their respective assay
methods described below.

2.2. Animal subjects

Transgenic mice expressing human APPggs with the APPgggsa
mutation under the mouse prion promoter (Tomiyama et al.,
2011) were used. Heterozygous human APPggg3a-transgenic mice
and age-matched non-transgenic littermates were sacrificed at
12 months of age, and their hippocampi and cortices were isolated
on an ice-cold plate. Animal care and handling were performed
strictly in accordance with the Guidelines for Animal Experimenta-
tion at Kobe Gakuin University and Himeji Dokkyo University.
Every effort was made to minimize the number of animals used
and their suffering.

2.3. Sample preparation

The isolated hippocampus and cortex were transferred to a 1.5-
ml tube, centrifuged (15,000g, 5 min at 4 °C), resuspended in
100 pl of lysis buffer (7 M urea, 2 M thiourea, 5% CHAPS, 2% IPG
buffer [GE Healthcare UK Ltd., England], 50 mM 2-mercap-
toethanol, 2.5 pg/ml DNase I, 2.5 ug/ml RNase A), and disrupted
by sonication for 30s. Lysate was again centrifuged (15,000g,
30 min) to remove cellular debris, and the supernatant was recov-
ered for use in 2DE.

2.4. Two-dimensional electrophoresis

2DE was carried out by the method as previously described
(Otani et al, 2011) with minor modifications. Approximately
500 pg of protein was applied to ImmobilineDryStrip pH 3-10 NL
(7 cm) gels (GE Healthcare UK Ltd., England) and separated at
50V for 6 h, at 100V for 6 h, and at 2000V for 6 h. The immobi-
lised pH gradient (IPG) strips were equilibrated for 15 min in
50 mM Tris/HCl (pH8.8), 6 M urea, 30% (v/v) glycerol, 1% SDS, and
1% (v/v) DTT, and then for 15min in the same buffer with
2.5% (w/|v) iodoacetamide instead of DTT. After equilibration, the
IPG strips were set onto a 12.5% acrylamide gel and SDS-polyacryl-
amide gel electrophoresis was performed at 5 mA/gel for 7 h.

2.5. SYPRO Ruby staining

Proteins on SDS-polyacrylamide gels were detected using the
SYPRO Ruby Protein Gel Stain (Molecular Probes). Gels after 2DE
were fixed in a solution containing 10% acetic acid/50% methanol
for 30 min, then 7% acetic acid/10% methanol for 30 min. After fix-
ing, the gels were incubated in the undiluted stock solution of
SYPRO Ruby for 90 min, and destained with 7% acetic acid/10%
methanol for 30 min. After rinsing with H,O for 10 min, digital
images were acquired using a Fluorophorestar 3000 image capture
system (Anatech, Japan) with 470 nm excitation and 618 nm emis-
sion for SYPRO Ruby detection.

2.6. Pro-Q Diamond staining

Phosphoproteins on SDS-polyacrylamide gels were detected
using Pro-Q Diamond Phosphoprotein Stain (Molecular Probes).
Gels after 2DE were fixed in a solution containing 10% acetic
acid/50% methanol for 30 min two times, and then the gels were
washed with MilliQ H,O for 10 min twice. The gels were then incu-
bated in an undiluted stock solution of Pro-Q Diamond for 90 min,
and destained with three successive washes (30 min per wash) in
50 mM sodium acetate (pH 4.0), 20% (v/v) acetonitrile. Digital
images were acquired using the Fluorophorestar 3000 image cap-
ture system with 520 nm excitation and 575 nm emission for
Pro-Q Diamond detection.

2.7. Image analysis

Following image acquisition, 2D gel imaging and analysis soft-
ware Prodigy SameSpots (Nonlinear Dynamics, UK) version 1.0
was used for gel-to-gel matching and identifying differences be-
tween non-transgenic and mutant APP transgenic mouse samples.
Each of five sets of samples was represented by two independent
gels biological replicates of 2DE gels. The gel images were normal-
ized in the Prodigy SameSpots software to even out differences in
staining intensities among gels. ANOVA was performed with 95%
significance level to determine which proteins were differentially
expressed between the non-transgenic and mutant APP transgenic
mice. A minimum of 1.3-fold change was considered to identify the
increased proteins and 0.7-fold change for decreased proteins.

2.8. In-gel digestion and peptide extraction

In-gel digestion was performed in accordance with the method
of (Yokoyama et al.,, 2004). Protein spots in the gels stained with
SYPRO Ruby or Pro-Q Diamond were cut out and subjected to tryp-
sin digestion with porcine trypsin (Promega, Madison, W1, USA).
Briefly, gel pieces were washed, dehydrated, and diluted in
200 pl of 25 mM ammonium hydrogen carbonate with 5% ACN
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Fig. 1. SYPRO Ruby-stained 2DE gels (pH range 3-10) for the hippocampus and cerebral cortex from non-transgenic and APPggg3a-transgenic mice. To each gel, 500 pg of
protein was loaded for detection of protein expression. (A) Hippocampus of wild-type (or non-transgenic) littermates, (B) hippocampus of APPgsgsa-transgenic mice, (C)
cortex of wild-type (or non-transgenic) littermates and (D) cortex of APPggo3a-transgenic mice. Protein molecular mass standards (y-axis) and pHs (x-axis) are shown.

(v/fv). Trypsin (5 pl, 10 ng/pl) was added and the digestion was
incubated for 10 h at 37 °C. After separation of supernatant, gel
pieces were washed again and then extracted with 50/50 ACN/
0.3% (v/v) trifluoroacetic acid for 10 min by sonication. The super-
natant was once again collected, mixed with the two fractions, and
evaporated under vacuum. The extracted peptides were then di-
luted in 5 pl of 50/50 ACN/0.3% (v/v) trifluoroacetic acid.

2.9. Mass spectrometry analysis and protein identification

Mass spectra were recorded in positive reflection mode using a
MALDI-TOF MS/MS analyzer (ABI PLUS 4800, Applied Biosystems),
equipped with a delayed ion technology. The samples were dis-
solved in 5 pl of 50/50 ACN/0.3% (v/v) trifluoroacetic acid. For the
matrix, o-cyano-4-hydroxycinnamic acid (1 pg/pl: Wako Junyakuy,
Osaka, Japan) dissolved in the same mixture was used. Analyte and
matrix were spotted consecutively in a 1:1 ratio on a stainless steel
target and dried under ambient conditions. All spectra acquired by
MALDI-TOF MS were externally calibrated with peptide calibration
standard II (Bruker Daltonics, Germany). An MS condition of 2500
shots per spectrum was used. Automatic monoisotopic precursor
selection for MS/MS was done using an interpretation method
based on the 12 most intense peaks per spot with an MS/MS mode
condition of 4000 laser shots per spectrum. Minimum peak width
was one fraction and mass tolerance was 80 ppm. Adduct tolerance
was (my/z) £ 0.003. MS/MS was performed with a gas pressure of
1 x 10 ° bar in the collision cell. Ambient air was used as collision
gas. Data analyses were performed using Data Explorer version 4.9
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(Applied Biosystems) software, and proteins were identified
through the search engine Mascot (www.matrixscience.com;
Matrix Science, Boston, MA) (peptide mass tolerance: 60 ppm;
MS/MS tolerance: 0.3 Da; maximum missed cleavages: 1) using
the protein database NCBInr. Proteins identified by MALDI-TOF
MS with a score of 79 or higher were considered significant
(p <0.05). Single peptides identified by MALDI-TOF/TOF MS/MS
with individual ions scores greater than 47 indicate identity or
extensive homology (p < 0.05).

2.10. 2DE Western Blotting

Approximately 100 pg of protein from mouse hippocampus was
applied to ImmobilineDryStrip pH 3-10 NL (7 cm) gel in first
dimension, and then the IPG strips were set onto a 10.0% acrylam-
ide gel and SDS-polyacrylamide gel electrophoresis was performed
at 5 mA/gel for 7 h in second dimension. The gels were transferred
onto PVDF membranes (Pall Corporation, Pensacola, FL, USA), in a
trans-blot electrophoresis transfer cell (Nihon Eido, Tokyo, Japan).
Western Blotting were performed by using monoclonal antibodies
against dynamin (diluted 1:1000, Cell Signaling, USA), polyclonal
antibodies Dpysl2, coactosin and voltage-dependent anion-selec-
tive channel protein 1 (VDAC) (diluted 1:1000, Cell Signaling,
USA). Peroxidase-conjugated antibody (diluted 1:5000, Abcam,
USA) was used as secondary antibody. The reaction was detected
by chemiluminescence with ECL reagents (Pierce Biotechnology,
USA). A semi quantitative analysis based on optical density was
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Fig. 2. Pro-Q Diamond-stained 2DE gels for the hippocampus and cerebral cortex from non-transgenic and APPggg3a-transgenic mice. To each gel, 500 pg of protein was
loaded for detection of protein expression. (A) Hippocampus of wild-type (or non-transgenic) littermates, (B) hippocampus of APPgsg3 2-transgenic mice, (C) cortex of wild-
type (or non-transgenic) littermates and (D) cortex of APPgsg3a-transgenic mice. Protein molecular mass standards (y-axis) and pHs (x-axis) are shown.

performed by Image] software (available at http://www.rsbweb.
nih.gov/ij).

3. Results

The levels of proteins and phosphoproteins in the hippocampus
and cerebral cortex of APPggg3a-transgenic mice were compared to
those of non-transgenic littermates. The altered levels of proteins
and phosphoproteins were quantified and identified from 2DE gels
using Prodigy SameSpots software for MALDI-MS/MS. We showed
representative 2DE gels stained with SYPRO Ruby and Pro-Q Dia-
mond for the hippocampus and cerebral cortex of non-transgenic
mice and APPggg3a-transgenic mice (Figs. 1 and 2) and the raw data
for the reproducibility of 2DE gels (Supplementary Fig. 1A-D).
There were approximately 350 spots in each SYPRO Ruby-stained
2DE gel from hippocampus and cortex of WT and APPggg3a-trans-
genic mice (Fig. 1A-D), and approximately 270 spots in each ProQ
Diamond-stained 2DE gel from hippocampus and cortex of WT and
APPggg3a-transgenic mice (Fig. 2A-D). The indicated spots of 2DE
gels showed altered levels of proteins (Fig. 3), for which spots were
excised according to the Prodigy program. Comparing the intensity
of protein spots from the hippocampus and cerebral cortex of
APPggo3p-transgenic mice to those of non-transgenic mice, the
levels of 70 protein spots (ANOVA < 0.05, fold > 1.3 or <0.7) and
17 phosphoprotein spots (ANOVA < 0.05, fold > 1.3 or <0.7) were
altered. Finally, the total 22 polypeptides were identified, including

15 polypeptides in SYPRO Ruby-stained gel from hippocampus (Ta-
ble 1), 7 polypeptides in SYPRO Ruby-stained gel from cortex (Ta-
ble 2), and 3 polypeptides in ProQ Diamond-stained gel from
hippocampus (Table 3). We also showed the raw data of spot
intensities about the reproducibility of their bioinformatic analysis
(Supplementary Fig. 2A-C).

3.1. Identification of altered proteins in APPggg3 4-transgenic mice
hippocampus

Protein levels were significantly decreased for coactosin-like
protein, SH3 domain-bind glutamic acid-rich-like protein3, astro-
cytic phosphoprotein PEA-15 isoform 2, dual specificity protein
phosphatase 3, and phosphatidylethanolamine-binding protein,
and increased for dynamin, profilin-2, vacuolar adenosine triphos-
phatase subunit B, transketolase, DpysI2, Atp5b protein and fascin
in the hippocampus (Table 1). To benchmark the proteomic analy-
sis, we chose VDAC and MDH 2 as common, non-regulated pro-
teins. Protein levels of VDAC and MDH 2 were not changed in the
hippocampus of APPggg3-transgenic mice, compared to non-trans-
genic mice (Table 1).

3.2. Identification of altered proteins in APPggg3 4-transgenic mice
cortex

Protein levels were significantly decreased for profilin-2, LMW
phosphotyrosine protein phosphatase isoform 2, coactosin-like
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