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Abstract. It is believed that the amyloid ␤-protein (A␤) plays a causative role in the development of Alzheimer’s disease (AD).
The amyloid-␤ protein precursor (A␤PP), a substrate of A␤, and ␤-secretase and ␥-secretase complex proteins, which process
A␤PP to generate A␤, are all membrane proteins. Thus, it is reasonable to assume that alterations in brain lipid metabolism
modulate A␤PP and/or A␤ metabolism. However, the role of cellular polyunsaturated fatty acids in A␤PP processing has not
been completely understood yet. We report here that 4 months of treatment of Tg2576 mice with an arachidonic acid (ARA)- or a
docosahexaenoic acid (DHA)-containing (ARA+ or DHA+) diet prevented memory impairment at 13 months of age. Although,
A␤PP processing to generate soluble A␤PP and induce A␤ synthesis was enhanced, A␤1-42 /A␤1-40 ratio decreased in 14-monthold Tg2576 mice fed with the ARA+ or DHA+ diet. The ARA+ or DHA+ diet did not alter the A␤PP levels and the expression
levels of A␤-degrading enzymes. In cortical primary neuron cultures, ARA or DHA treatment also increased soluble A␤PP and
A␤1-40 levels, and decreased A␤1-42 /A␤1-40 ratio, which are similar to what were observed in Tg2576 mice fed with ARA+ or
DHA+ diet. These findings suggest that not only the DHA+ diet, but also the ARA+ diet could prevent cognitive dysfunction in
Tg2576 mice through the alteration of A␤PP processing.
Keywords: Alzheimer’s disease, amyloid ␤-protein, amyloid ␤-protein precursor, arachidonic acid, docosahexaenoic acid,
memory impairment
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The deposition of senile plaques in the brain is one
of the pathological hallmarks of Alzheimer’s disease
(AD). Amyloid ␤-protein (A␤) is the major component of senile plaques and is hypothesized to initiate
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functions developed with aging. However, the effect of
another group of fatty acids, n-6 PUFAs, particularly
ARA, on the impairment of learning memory and
pathophysiology of AD remains unclarified.
In this study, we examined the effects of dietary
supplementation with ARA or DHA on the cognitive
function of Tg2576 mice. In addition, we determined
whether the ARA+ or DHA+ diet alters A␤ levels
and A␤PP processing in vivo and in vitro. Here, we
report that not only the DHA+ diet but also the ARA+
diet could prevent cognitive dysfunction in Tg2576
mice.
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a pathologic cascade that eventually leads to AD, and
several lines of evidence have converged recently to
demonstrate the soluble oligomers of A␤, but not
monomers or insoluble amyloid fibrils, may be responsible for synaptic dysfunction in the brains of AD
patients and AD animal models [1]. A␤ is generated
from the amyloid-␤ protein precursor (A␤PP) through
its sequential proteolytic cleavage catalyzed by ␤- and
␥-secretases. ␤-Site A␤PP cleaving enzyme (BACE)
is a typical aspartyl protease, and ␥-secretase is an
aspartyl protease complex composed of presenilin,
nicastrin, APH-1, and PEN-2, with presenilin carrying
the protease active site and working intramembrane site
[2]. In addition, there is a nonamyloidgenic pathway,
which is mediated by ␣-secretase, which is a member of the disintegrin and metalloprotease (ADAM)
family. This secretase produces a soluble fragment of
A␤PP (sA␤PP␣), and sA␤PP is considered to have
neurotrophic and neuroprotective properties [3].
It has been shown that the proteolytic activity of ␤-secretase and ␥-secretase is modulated by
membrane lipids, neutral glycosphingolipids, anionic
glycerophospholipids, and cholesterol [4–6]. This may
be because A␤PP, BACE, and proteins consisting of the
␥-secretase complex are the membrane proteins, and
thus, A␤PP metabolism could be modulated by membrane lipid composition. It is also known that neural
tissues of mammals contain the highest concentrations of polyunsaturated fatty acids (PUFAs), including
arachidonic acid (ARA) and docosahexaenoic acid
(DHA) and both ARA and DHA are major constituents
of cell membranes [7, 8]. Previous studies have shown
that ARA and DHA play important roles in the development and maintenance of the central nervous system
and the preservation of physiological and psychological function [9–11].
In the brain membrane of AD patients, the levels
of ARA and DHA decreased compared with those of
normal controls [12]. There have been lines of studies
showing that DHA has potential neuroprotective
properties [13–15], and that dietary intake of n-3
PUFAs prevents cognitive decline [16–18]. In addition, dietary intake of DHA decreases brain A␤ levels
in A␤PP transgenic mice [11, 13, 19, 20]. It has been
reported that a lower brain uptake of docosahexaenoic
acid (DHA) in APOE4 than in APOE2 mice that may
limit the biodistribution of DHA in cerebral tissues
[21]. It has been shown that serum EPA and DHA compositions were higher, while ARA decreased with age,
and these associations remained consistent even after
adjusting for corresponding fatty-acid intake [22].
This suggests that ARA may be involved in impaired
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MATERIALS AND METHODS
Diets and animals
We prepared three different diets: a modified
AIN-76 rodent diet, containing ARA or DHA with
a constant n-6/n-3 ratio and a constant proportion of
polyunsaturated, monounsaturated, and saturated fatty
acids (PMS). The control diet contained 5% fat prepared by mixing palm oil, soybean oil, and linseed oil,
without ARA or DHA. The ARA- or DHA-containing
diet contained 5% fat prepared by mixing ARA- or
DHA-enriched triacylglycerol with the oils described
above. The fatty acid composition, n-6/n-3 ratio, and
proportion of PMS of each diet are shown in Table 1.
Dietary foods with ARA or DHA were stored at
4°C and protected from light to prevent oxidation.
Female Tg2576 mice, an animal model of AD overexpressing human A␤PP695 with the Swedish mutation
(K670N/M671L), were obtained from Taconic (Germantown, NY). All experiments were performed in
accordance with Guidelines for Animal Experiments
of the Animal Experimentation Committee of National
Center for Geriatrics and Gerontology and that of
Meijo University. Mice at 9 months of age were fed
with PUFA-containing diet or control diet ad libitum.
There were 12–14 animals in each group. There were
no significant differences in the amount of feed consumed or in the weight of the mice within or between
treatment groups (Supplementary Fig. 1). Cognitive
dysfunctions in Tg2576 mice start to appear at around
6 months of age and are stable until 13 months of
age [23]. Thus, we evaluated the effects of ARAand DHA-containing diet on cognitive function at the
age of 13 months. Behavioral analyses were carried
out sequentially in accordance with the experimental
schedule shown in Fig. 1A. 14-month-old Tg2576
mice were killed by inhalation of CO2 . The brain
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Control

4% ARA

4% DHA

1.33
0.20
1.51
1.25
0.62
0
0
0
0.09

1.32
0.22
1.43
1.00
0.63
0.02
0.22
0
0.17

1.37
0.20
1.53
1.21
0.36
0
0
0.24
0.10

32.42
30.24
37.34
2.01

34.22
28.52
37.26
1.97

33.32
30.53
36.15
2.02

Behavioral analysis

Cued and contextual fear conditioning tests
Cued and contextual fear conditioning tests were
performed, in accordance with previous reports [25].
To measure basal levels of the freezing response (preconditioning phase), mice were individually placed in
a neutral cage (17 cm × 27 cm × 12.5 cm high) for
1 min, and then in the conditioning cage (25 cm ×
31 cm × 11 cm high) for 2 min. For training (conditioning phase), mice were placed in the conditioning
cage, and then a 15-s tone (80 dB) was delivered as a
conditioned stimulus. During the last 5 s of the tone
stimulus, a foot shock of 0.6 mA was delivered as
an unconditioned stimulus through a shock generator
(Neuroscience Idea Co., Ltd., Osaka, Japan). This procedure was repeated four times at 15-s intervals. Cued
and contextual tests were carried out 1 day after fear
conditioning. For the cued test, the freezing response
was measured in the neutral cage for 1 min in the
presence of a continuous-tone stimulus identical to
the conditioned stimulus. For the contextual test, mice
were placed in the conditioning cage, and the freezing
response was measured for 2 min in the absence of the
conditioned stimulus.
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was separated into the cerebral cortex, hippocampus,
cerebellum, and brainstem, which were then rapidly
frozen in liquid nitrogen and stored at –80°C until
analysis.
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Fatty acid (g/100 g diet)
16:0 palmitic acid
18:0 stearic acid
18:1 oleic acid
18:2 linoleic acid
18:3 ␣-linolenic acid
20:3 Dihomo- ␥-linolenic acid
20:4 ARA
22:6 DHA
others
Fatty acid composition (%)
Saturated
Monounsaturated
Polyunsaturated
n-6 to n-3 ratio

front of the box and the total time spent exploring
the two objects was recorded for 10 min. During the
retention session, the animals were placed back into
the same box 24 h after the training session, in which
one of the familiar objects used during training was
replaced with a novel object. The animals were then
allowed to explore freely for 10 min and the time spent
exploring each object was recorded. Throughout the
experiments, the objects were used in a counterbalanced manner in terms of their physical complexity
and emotional neutrality. Preference index, that is, the
ratio of the amount of time spent exploring any one of
the two objects (training session) or the novel object
(retention session) to the total amount of time spent
exploring both objects, was used to measure cognitive
function.
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Table 1
Fatty acid composition of experimental diets
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Spontaneous alternation in Y-maze test
The Y-maze test was performed, in accordance with
a previous report [23]. The maze was made of gray
painted plastics; each arm was 40 cm long, 12 cm high,
3 cm wide at the bottom, and 10 cm wide at the top.
The arms converged at an equilateral triangular central
area that was 4 cm at its longest axis. Each mouse was
placed at the center of the apparatus and allowed to
move freely through the maze during an 8-min session. The series of arm entries was recorded using
video camera. Alternation was defined as successive
entry into the three arms, on overlapping triplet sets.
Alternation behavior (%) was calculated as the ratio
of actual alternations to possible alternations (defined
as the number of arm entries minus two), multiplied
by 100.

Novel-object recognition test
The novel-object recognition test was performed, in
accordance with a previous report [24]. The test procedure consisted of three sessions: habituation, training,
and retention. Each mouse was individually habituated to the box (30 cm × 30 cm × 35 cm high), with
10 min of exploration in the absence of objects for 3
days (habituation session). During the training session, two objects were placed in the back corner of
the box. A mouse was then placed midway at the

Fatty acid analysis
Total lipids in red blood cells, the liver, and the
cortex were extracted using chloroform and methanol
[26]. The phospholipid fraction was separated from
the extracted lipids by thin-layer chromatography
using silica gel 60 (Merck, Darmstadt, Germany).
The solvent system used was n-hexane/diethyl ether
(70/30, v/v). The fatty acid residues in the phospholipid fraction were analyzed [27]. In brief, an
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Fig. 1. Effects of ARA+ or DHA+ diet on performances of Tg2576 mice in Y-maze test, novel-object recognition test and conditioned-fear
learning tests. A) Experimental schedule for Y-maze, novel-object recognition, and conditioned-fear learning tests. B, C) Effects of ARA- and
DHA-containing diet on short-term memory in Y-maze test in Tg2576 mice. Spontaneous alternation behavior (B) and total arm entries (C) during
an 8-min session in the Y-maze task were measured. Values indicate the mean ± SEM. One-way ANOVA showed the following: alternation
behavior (B): F(3,69) = 5.35, p < 0.01, total arm entries (C): F(3,69) = 1.84, p = 0.15, ∗∗ p < 0.01 versus Control-diet-fed non-Tg mice. ## p < 0.01,
# p < 0.05 versus Control-diet-fed Tg2576 mice. D, E) Effect of ARA- and DHA-containing diet on object recognition memory in novel-object
recognition test in Tg2576 mice. One-way ANOVA showed the following: exploratory preference (D): animal group; F(3,69) = 2.72, p = 0.05, trial;
F(1,69) = 46.98, p < 0.01, interaction of animal group with trial; F(3,69) = 8.44, p < 0.01, total approach time (E): animal group; F(3,69) = 2.07,
p = 0.11, trial; F(1,69) = 23.02, p < 0.01, interaction of animal group with trial; F(3,69) = 1.13, p = 0.34, ∗∗ p < 0.01 verss Control-diet-fed non-Tg
mice, ## p < 0.01 versus Control-diet-fed Tg2576 mice. F, G) Effect of the ARA+ or DHA+ diet on contextual- and cue-dependent associative
learning of Tg2576 mice in conditioned-fear learning test. The postconditioning session was carried out 24 h after the preconditioning. Contextand cue-dependent freezing times were measured for 2 and 1 min, respectively. One-way ANOVA showed the following: context-dependent
test (F): F(3,69) = 14.56, p < 0.01, cue-dependent test (G): F(3,69) = 1.22, p = 0.31, ∗∗ p < 0.01 versus Control-diet-fed non-Tg mice, ## p < 0.01,
# p < 0.05 verus Control-diet-fed Tg2576 mice.

internal standard (pentadecanoic acid) was added to
each sample and it was incubated in methanolic
HCl at 50◦ C for 3 h to induce transmethylation of
fatty acid residues. Fatty acid methyl esters were
extracted with n-hexane and analyzed by capillary gasliquid chromatography. Analytical conditions were as
follows: 1) apparatus, Agilent 6890 (Agilent Technologies Inc., Wilmington, DE); 2) column, SP-2330
(30 m × 0.32 mm × 0.2 mm, Supelco, Inc., Bellefonte,
PA); 3) carrier, He (30 cm/s); 4) column temperature,
180◦ C for 2 min, and increased to 220◦ C at a rate of
+2◦ C/min.

Aβ ELISA
The frozen mouse cortex and hippocampus were first
homogenized in 30 volumes of Tris-buffered saline
(TBS; 10 mM Tris and 150 mM NaCl, pH 7.5) containing a protease inhibitor cocktail (Protease Inhibitor
Cocktail, Roche, Mannheim, Germany) and then centrifuged at 450,000× g for 20 min at 4°C, as described
elsewhere with some modifications [28]. Supernatants
were saved for soluble A␤ analyses. Pellets were
resuspended and further homogenized in 30 volumes
of 2% SDS with the same protease inhibitors, followed by centrifugation at 15,000× g for 20 min. SDS
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Statistical analysis
All results were expressed as the mean ± SEM for
each group. Statistical analysis was performed using a
statistical package, GraphPad prism software (GraphPad Software, San Diego, CA). In Fig. 1, the difference
between groups was analyzed by one-way or repeated
analysis of variance (ANOVA), followed by Bonferroni’s test. In Figs. 2–4, one-way ANOVA and post-hoc
Dunnett’s test were carried out to compare the means of
the test diet groups with those of the control diet group.
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Dot blot analysis
Protein extracts were prepared from the cortex and
hippocampus using TBS solution as described in the
A␤ ELISA section. Samples were spotted onto a nitrocellulose membrane and blocked for 1 h in 5% (w/v)
nonfat dry milk in TBS supplemented with 0.1%
Tween-20. Membranes were labeled with a rabbit
anti-oligomer (A11) antibody (Invitrogen, Carlsbad,
CA) overnight at 4◦ C and incubated with horseradish
peroxidase-linked anti-rabbit antibody for 1 h at room
temperature. SuperSignal West Dura (Thermo Fisher
Scientific, Waltham, MA) was used for chemiluminescence detection of proteins. The bands of interest were
analyzed using a luminescent image analyzer LAS3000 mini (Fujifilm, Tokyo, Japan), and signals were
quantified using Multi Gauge software (Fujifilm).

solution at 37°C for 20 min. The fragments were then
dissociated into single cells by pipetting. The dissociated single cells were suspended in a feeding medium
and plated onto poly D -lysine-coated 6-well plates at
a cell density of 1.5 × 106 /well. The feeding medium
consisted of Dulbecco’s modified Eagle’s medium/F12
(Invitrogen) containing 0.1% bovine albumin fraction V solution (Invitrogen) and N2 supplements. The
medium was changed in twice a week. Seven day after
plating, ARA or DHA was added to neuronal cultures.
48 h following the commencement of the treatment,
cell and medium samples were collected.
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supernatants were used for insoluble A␤ determination. A␤1-40 and A␤1-42 were assayed using ELISA
kits (Wako Pure Chemical Industries, Osaka, Japan).

153

AU

TH

Immunoblots
Protein extracts were prepared from the cortex
using TBS and SDS solutions as described in the A␤
ELISA section. Protein concentration was determined
by the BCA method. Equal amounts of protein samples
(3 g/well) were subjected to SDS-PAGE, and separatedproteinsweretransferredto0.45mImmobilon-P
membranes (Millipore, Billerica, MA) and blocked for
1 h in 5% (w/v) nonfat dry milk in TBS supplemented
with 0.1% Tween-20. The following antibodies were
used: anti-ADAM 10 (Millipore), anti-BACE1 (Cell
Signaling Technology, Danvers, MA), anti-nicastrin
(Epitomics, Burlingame, CA), anti-presenilin 1 (PS-1,
Millipore), anti-N-terminal A␤PP (22C11, Millipore),
anti-human sA␤PP␤ with Swedish mutation (IBL,
Gunma, Japan), UT-18 (C-terminal fragment of A␤PP
antibody [29], anti-neprilysin (R&D systems), antiinsulin-degrading enzyme (IDE, Covance, Princeton,
NJ), and anti-actin (Cell Signaling Technology) antibody. Membranes were labeled with a primary antibody
overnight at 4◦ C, and incubated with a horseradish
peroxidase-linked secondary antibody for 1 h at room
temperature. Signal detection and quantification were
described in the dot blot analysis section.
Rat primary cortical neuron culture
Cerebral cortical neuronal cultures were prepared
from Sprague Dawley rats on embryonic day 17
as described previously [30]. Cortical fragments
were incubated in 0.125% trypsin (Invitrogen) and
0.12 mg/ml DNase I (Roche) in Hanks’ balanced salt

RESULTS
Effects of ARA+ or DHA+ diet on body weight
and fatty acid proﬁles in Tg2576 mice
Previous reports have shown the effects of n-6 and n3 PUFA in diets on the development of several diseases
including AD; however, the n-6/n-3 ratio in their diets
used varied. Because n-6/n-3 fatty acid ratio affects
AD pathophysiology and memory function, we fixed
the ratio in an experimental diet with or without PUFA
(ARA or DHA), and thus n-6/n-3 fatty acid ratio and
proportions of PMS were maintained to be similar. All
diets contained 5 g of fat per 100 g of chow. An experimental diet had 0.22 or 0.24 g of ARA or DHA per
5 g of fat (n-6/n-3 ratio = 2:1). The fatty acid composition of each diet is shown in Table 1. 9-month-old
Tg2576 mice were fed the three different diets (control diet, and ARA+ and DHA+ diets). After 4 months
of dietary PUFA supplementation (13 months of age),
the mice were subjected to sequential behavioral tests
and their cognitive functions were evaluated (Fig. 1A).
After 5 months of dietary PUFA supplementation (14
month of age), the mice were killed and brain tissue
samples were collected. The mean body weights of
Tg2576 mice at 14 months of age did not differ across
the diet groups (Supplementary Fig. 1).
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Fig. 2. Effects of ARA+or DHA+ diet on A␤40 , A␤42 , and oligomer A␤ levels in Tg2576 mouse brain. Soluble and insoluble A␤ levels in
Tg2576 mice fed with the ARA+or DHA+ diet. Soluble A␤40 (A) and A␤42 (B), insoluble A␤40 (D) and A␤42 (E) levels, and A␤42 /A␤40 ratio
(C and F). A␤ oligomer levels in the cortex and hippocampus were determined by dot blot analysis using the anti-oligomer (A11) antibody, and
the intensities of signals were determined (G). n = 8, each. ∗ p < 0.05 versus control diet.

Effects of ARA+ or DHA+ diet on impaired
learning and memory in Tg2576 mice
[1] Spontaneous alternation in Y-maze test
We evaluated short-term memory in Tg2576 mice
in a Y-maze test. The mice fed with the control
diet showed significantly reduced spontaneous alternation behavior in the Y-maze test compared with

control-diet-fed non-Tg mice (Fig. 1B), indicating an
impairment of short-term memory in Tg2576 mice.
The alternation behavior of Tg2576 mice fed with the
ARA+ and DHA+ diets was significantly increased
compared with that of Tg2576 mice fed with the control
diet (Fig. 1B). These results indicate that dietary ARA
and DHA prevent the impairment of short-term memory. There was no significant difference in the number
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Fig. 3. Effects of the ARA+or DHA+ diet on A␤PP, A␤PP metabolite, A␤PP metabolizing enzyme, and A␤-degrading enzyme expression
levels in Tg2576 mouse brain. Protein extracts from the cortex of 14-month-old control-fed, and mice fed with ARA+ and DHA+ diet are
analyzed by western blotting. A) Expression levels of cellular A␤PP and secreted A␤PP fragments, sA␤PP␣ and sA␤PP␤. B) Expression levels
of A␤PP C-terminal fragments, CTF-␣ and CTF-␤. C) Expression levels of ADAM10, BACE1, PS-1, and nicastrin. D) Expression levels of
neplyrisin and IDE. Protein levels quantified from blots were normalized to ␤-actin level as a loading control. ∗ p < 0.05 versus control diet.
∗∗ p < 0.01 versus control diet.

of arm entries among the groups (Fig. 1C), suggesting that all mice have the same levels of motivation,
curiosity, and motor function.
[2] Object recognition in novel-object recognition
test
We next evaluated visual recognition memory by
the novel-object recognition test. During the training session, there were no significant differences in

exploratory preference between the two objects and
total exploratory time among the groups (Fig. 1D, E),
suggesting that all groups of mice have the similar levels of motivation, curiosity, and interest in exploring
novel objects.
For the retention session, the level of exploratory
preference for the novel objects in control-diet-fed
Tg2576 mice was significantly decreased compared with that in the control-diet-fed non-Tg mice
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the control-diet-fed non-Tg mice showed a markedly
strong contextual freezing response 24 h after fear conditioning. The control-diet-fed Tg2576 mice exhibited
a weaker freezing response in the contextual tests
than the control-diet-fed non-Tg mice (Fig. 1F), indicating an impairment of associative learning in the
control-diet-fed Tg2576 mice. Although Tg2576 mice
fed with the ARA+ or DHA+ diet also exhibited a
weaker freezing response than control-diet-fed nonTg mice, these mice showed an enhanced contextual
freezing response compared with the control-dietfed Tg2576 mice (Fig. 1F), indicating that dietary
ARA and DHA subtly but significantly improved
the impairment of associative learning. In the cued
learning test, there was no significant difference in
the level of the cued freezing response 24 h after
fear conditioning among the groups (Fig. 1G). No
alterations of the nociceptive response were found
in any of the mutant mice: there was no significant difference in the minimal current required to
elicit flinching or jumping among the mice (data not
shown).
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Fig. 4. Effects of ARA+ or DHA+ diet on A␤PP, A␤PP metabolite
and A␤ levels in rat cortical primary neurons. Primary cortical neuron cultured for 7 days were treated with the indicated concentration
of ARA or DHA. After 48 h treatment, cells and culture medium
were harvested. A) Expression levels of cellular A␤PP (cell lysate)
and A␤PP fragment, sA␤PP␣ (medium). B) A␤40 and A␤42 levels
in the culture medium. ∗ p < 0.05 versus control. ∗∗ p < 0.01 versus
control.

(Fig. 1D), indicating an impairment of visual recognition memory in control-diet-fed Tg2576 mice. The
ARA-containing-diet-fed Tg2576 mice spent a significantly longer time in exploring the novel object than the
control-diet-fed Tg2576 mice. The DHA-containingdiet-fed Tg2576 mice also showed a tendency to spend
a longer exploring time (p = 0.08), but this difference
was not significant (Fig. 1D). These results indicate
that the ARA diet prevented the development of impairment of recognition memory.
[3] Associative learning in cued and contextual
fear conditioning tests
Lastly, we evaluated associative learning by the
conditioned fear-learning test. In the preconditioning
phase (training), the mice hardly showed any freezing response. There were no significant differences
in basal levels of the freezing response between the
groups (data not shown). In the contextual learning test,

Effects of ARA+ or DHA+ diet on Aβ levels
In the “amyloid cascade hypothesis”, it is proposed
that assemblies of A␤ initiate a process leading to
neuronal dysfunction, neuronal loss, and cognitive failure [31]. Therefore, we next determined whether the
ARA- or DHA-containing diet affects A␤ levels in
the 14-month-old Tg2576 mouse brain. The soluble
levels of A␤40 and A␤42 , and A␤42 /A␤40 ratio in the
ARA-containing-diet-fed mice were not significantly
altered in the cortex and hippocampus (Fig. 2A-C).
An unexpected finding was that the insoluble A␤40
and A␤42 levels were significantly 2-3 times higher in
the ARA-containing-diet-fed mice than in the controldiet-fed mice (Fig. 2D, E). The A␤42 /A␤40 ratio was
significantly decreased in the hippocampus of mice
fed with ARA+ or DHA+ diet compared with those
of mice fed with the control diet (Fig. 2F). Recent
studies showed that soluble A␤ oligomers are more
neurotoxic and can impair cognitive function [32–35].
We next evaluated the levels of A␤ oligomers by dot
blot analysis using the A11 anti-oligomeric antibody
[36]. No significant differences were found between
mouse groups fed the ARA+ or DHA+ diet and control
diet (Fig. 2G), suggesting that the levels of soluble A␤ oligomers are not increased in the cortex
and hippocampus by the ARA- or DHA-containing
diet.
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A Western diet contains high amounts of n-6 PUFA
and low amounts of n-3 PUFA, and the resulting high
n-6/n-3 ratio is considered to contribute to cardiovascular disease, inflammation, and cancer [47]. It has
been shown that a high n-6/n-3 ratio diet accelerates atherosclerosis and inflammation in several mouse
disease models [48, 49]. Calon et al. reported that cognitive deficits in Tg2576 mice are worsened by a higher
n-6/n-3 ratio diet (85:1) rather than by a lower ratio
(5:1) [19]. The n-6/n-3 ratio also affects AD pathophysiology and pathology [17]; a high ratio (72:1) induces
large amounts of A␤ deposition compared with a low
ratio (4:1) [50]. However, the n-6/n-3 ratio in diet used
in their study was varied, thus, it seems difficult to
determine the real effect of target fatty acids such as
DHA on AD pathologies. Therefore, in this study, we
used the same n-6/n-3 ratio (2:1) in all experimental
diets in order to estimate the specific effects of the
ARA+ or DHA+ diet on AD pathophysiology, removing the effect of difference in n-6/n-3 fatty acid ratio.
Unexpectedly, we found that not only the DHA+ diet
but also the ARA+ diet improved or ameliorated cognitive deficits.
Tg2576 mice show age-related A␤ deposition and
progressive memory deficits [23, 51]. DHA+ diet prevented memory impairment in aged rats [52, 53]. In
agreement with these studies, Tg2576 mice showed
impairments of short-term and recognition memory
at the age of 13 months; however, when these mice
were fed with the ARA+ or DHA+ diet from the
age of 9 months, impairments of short-term memory
and recognition memory in the novel-object recognition test were attenuated, suggesting that the ARA+
or DHA+ diet rescued hippocampal, perientorhinal,
and prefrontal cortical dysfunctions. It has been shown
that cued fear conditioning depends on the amygdala,
whereas contextual fear conditioning depends on both
the hippocampus and amygdala [54]. Our finding of
abnormal responses in contextual but not cued fear conditioning suggests that the hippocampus-dependent
associative learning is impaired in Tg2576 mice and the
ARA+ or DHA+ diet prevented functional impairment
of the hippocampus.
Regarding the molecular mechanism by which the
ARA+ or DHA+ diet attenuates memory impairments
in Tg2576 mice, previous reports have shown that
cognitive dysfunction was caused by the extracellular
accumulation of soluble A␤ assemblies [35, 55], and
that A␤ oligomers and A␤-derived diffusible ligands
may play the crucial role of being the earliest effec-
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Previous reports have shown that the sA␤PP fragments have neurotrophic properties and enhance
synaptic plasticity and memory [37–42], and that
intracellular CTFs regulate gene transcription, calcium
signaling, synaptic plasticity, and memory [16, 43–46].
Thus, we first measured the expression levels of A␤PP
metabolites, secreted forms of A␤PPs (sA␤PP␣ and
sA␤PP␤), and CTFs of A␤PP (CTF-␣ and CTF-␤). The
sA␤PP␣ and sA␤PP␤ expression levels were higher in
the cortex of mice fed with ARA+ or DHA+ diet than
in the control-diet-fed-mouse cortex (Fig. 3A). The
cellular A␤PP level was unchanged in the group fed
with ARA+ or DHA+ diet. CTF-␣, but not CTF-␤, level
was also increased in the cortex of mice fed with ARA+
diet (Fig. 3B). Because A␤PP processing was increased
in cortex of mice fed with the ARA+ or DHA+ diet, we
next examined whether the ARA+ or DHA+ diet had
any effects on A␤PP processing enzymes. We measured
␣-, ␤-, and ␥-secretase (ADAM10, BACE1, PS-1, and
nicastrin) expression levels in the cortex of Tg2576
mice fed with the ARA+ or DHA+ diet. The expression
levels of these secretases were unchanged by ARA or
DHA supplementation (Fig. 3C). Because A␤ levels
are also increased by degradation of A␤ peptides, we
measured the expression levels of the A␤-degrading
enzymes neprilysin and IDE. The expression levels of
these enzymes were unchanged by the dietary ARA or
DHA supplementation (Fig. 3D). These results suggest
that the ARA+ or DHA+ diet increase A␤, sA␤PP␣,
sA␤PP␤, and CTF-␣ levels by enhancing A␤PP
processing.

DISCUSSION

CO

ARA + or DHA+diet increases levels of sAβPPs
and C-terminal fragments (CTFs), but AβPP
processing enzyme and Aβ-degrading enzyme
expression levels are not affected

Effects of ARA+ or DHA+ diet on Aβ levels in
primary rat cortical neurons in culture
Because the ARA+ or DHA+ diet enhanced A␤PP
processing, we determined whether the ARA+ or
DHA+ diet directly enhanced A␤PP processing in
vitro. We prepared rat cortical neuron cultures and
treated them with ARA or DHA for 48 h. Western blot
analysis showed that ARA or DHA treatment increased
sA␤PP␣ secretion level in a dose-dependent manner
(Fig. 4A). ARA or DHA treatment did not affect total
A␤PP content in cell lysate (Fig. 4A). A␤40 but not
A␤42 level in the medium was also increased by ARA
or DHA treatment (Fig. 4B). Consistent with the in
vivo data, ARA or DHA enhanced A␤PP processing.
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data do not seem to be suitable for quantitative analysis, and future experiments may be needed to carry out
in more precise manner for the quantification.
ARA is metabolized to eicosanoids, such as
prostaglandins, leukotrienes, and thromboxanes, all
of which are potent mediators of inflammation.
Cyclooxygenase is essential for the synthesis of
prostaglandin E2 (PGE2 ), which stimulates the production of A␤ through internalization of PGE2 receptors
[64]. It has been shown that elevated expression levels of PGE2 are observed in the brains of AD patients
[65–67], and phospholipase A2 reduction ameliorates
cognitive deficits in a mouse model of AD [68–70].
However, the protective effects of ARA on brain and
cognitive function also have been reported, that are,
ARA-containing diet preserves synaptic plasticity in
aged rats [71] and dietary supplementation of ARA
and DHA improves cognitive dysfunction [72, 73]. In
this study, we also observed that ARA+ diet increased
A␤ levels in vivo independent of secretase expression
levels. Most recently, it has been demonstrated that
exposing differentiated neuronal cells to type III secretory phospholipase A2 and ARA increases sA␤PP␣
secretion level and decreases the levels of A␤1–42 in
SH-SY5Y cells and that these changes are accompanied by an increased membrane fluidity [16, 74].
Because higher levels of PUFAs in the membrane provide greater membrane fluidity [75, 76], the ARA+
diet may increase the fluidity of phospholipid membranes and influence A␤ production by alteration of
activities of enzymes responsible for A␤ production.
In support of this notion, previous studies have shown
that reduced cholesterol levels in the call membrane
reduces A␤ synthesis [6] and altered sphingomyelin
level had an effect on A␤PP processing and A␤ synthesis [5]. In the present study, we had no chance to
determine the level of ARA and DHA in mouse brains.
However, our previous studies have shown that the
ARA+ and DHA+ diet had an effect on ARA and DHA
levels in the mouse and rat brains [77, 78], suggesting
that altered ARA and DHA levels have an effect on
A␤PP processing and A␤ synthesis.
There is a discrepancy between previous studies and
our study in terms of the effects of the DHA+ diet on
A␤ levels. In previous studies, the DHA+ diet attenuates AD pathology, decreases A␤ deposition levels,
and improves cognitive dysfunction [13, 19, 20, 52,
53]. Previous study showed a protective effect associated with increased fish consumption [79]. In agreement
with these lines of evidence, our study also showed
that the DHA+ diet protected Tg2576 mice from memory impairment. However, unexpectedly, the DHA diet
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tor that causes synaptic dysfunction and early memory
loss associated with dementia in AD [55, 56]. In our
study, the ARA- or DHA-containing diet increased
insoluble A␤ levels in the Tg2576 mouse brain; however, toxic soluble A␤ oligomer levels were unchanged
by these diet supplements. One of possible mechanism underlying the protective effect of the ARA+ or
DHA+ diet on memory impairment may be the positive role(s) of sA␤PP␣, whose levels were increased
in the brains of mice fed with the ARA+ or DHA+
diet. The positive roles of A␤PP and its metabolites
in synaptic plasticity and memory in a normal brain
are supported by the observation that A␤PP knockout
mice show long-term potentiation (LTP) and memory
impairment [57]. Studies on A␤PP fragment function have demonstrated that the sA␤PP fragments may
have neurotrophic properties and enhance synaptic
plasticity and memory [37, 39, 40, 58], and intracellular CTFs, whose expression levels were also increased
in the brains of mice fed with the ARA+ or DHA+ diet
in our study, may regulate gene transcription, calcium
signaling, synaptic plasticity, and memory [11, 43,
46]. The secreted sA␤PP␣ domain is sufficient to rescue abnormalities of A␤PP knockout mice, including
attenuations of impairments in spatial learning and LTP
[23]. Likewise, suppression of ␤-secretase function in
BACE1 knockout mice also impairs synaptic plasticity and memory [59]. These lines of evidence suggest
that induction of sA␤PP secretion by the ARA+ or
DHA+ diet prevents recognition memory impairment
in Tg2576 mice.
Another possible explanation may be that although
the levels of A␤ oligomers remained unchanged, which
was determined by dot blot analysis, the A␤42 /A␤40
ratio was decreased in the brains of Tg2576 mice fed
with the ARA+ or DHA+ diet. A high A␤42 /A␤40 ratio
is a major determinant for AD development in familial
AD with presenilin mutations [60–62]. Our previous
studies have shown that monomeric A␤40 has neuroprotective effects against metal-induced oxidative
damage and A␤42 -induced neuronal death, whereas
A␤42 is highly amyloidogenic and thus exerting a
strong neurotoxicity [32, 63]. These lines of evidence
suggest that a lower A␤42 /A␤40 ratio in Tg2576 mice
fed with the ARA+ or DHA+ diet may attenuate
impaired neuronal/brain functions. In support of in vivo
data, the levels of A␤40 in neuronal cultures significantly increased, whereas A␤42 remained unchanged,
indicating that the A␤42 /A␤40 ratio decreased by the
treatment with ARA or DHA. These results suggest that PUFAs alter A␤PP processing to decrease
A␤42 /A␤40 ratio. One may say that the dot blot analysis
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