
Oligomeric proanthocyanidins improve memory and enhance phosphorylation

of vascular endothelial growth factor receptor-2 in senescence-accelerated

mouse prone/8

Young A. Lee1, Eun Ju Cho2 and Takako Yokozawa1*
1Institute of Natural Medicine, University of Toyama, 2630 Sugitani, Toyama 930-0194, Japan
2Department of Food Science and Nutrition, Pusan National University, 30 Jangjeon-dong, Geumjeong-gu, Busan 609-735,

South Korea

(Received 1 May 2009 – Revised 6 August 2009 – Accepted 12 August 2009 – First published online 13 October 2009)

Senescence-accelerated mouse prone/8 (SAMP8), a murine model of accelerated senescence, shows age-related deficits in learning and memory.

We investigated the effect of oligomeric proanthocyanidins (oligomers) on memory impairment using the SAMP8 model involving the oral admin-

istration of oligomers for 5 weeks. To analyse memory improvement in SAMP8, we performed Morris water maze, object location and object

recognition tests. The oral administration of oligomers improved spatial and object recognition impairment in SAMP8. Expressions of phosphory-

lated neurofilament-H (P-NF-H, axon marker), microtubule-associated proteins (MAP) 2a and 2b (MAP2; dendrite marker) and synaptophysin

were increased in the brains of SAMP8-administered oligomers. In particular, the expression of P-NF-H was significantly elevated in the

hippocampal CA1. This indicates that oligomers result in an increase in the densities of axons, dendrites and synapses. To investigate the protec-

tive mechanisms of oligomers against brain dysfunction with ageing, we carried out a receptor tyrosine kinase phosphorylation antibody array, and

clarified that the administration of oligomers led to an increase in the phosphorylation of vascular endothelial growth factor receptor (VEGFR)-2,

suggesting the neuroprotective role of oligomers. The phosphorylation of VEGFR-2 was more greatly increased in the hypothalamus and choroid

plexus than in other brain regions of SAMP8. Memory in oligomer-treated mice was impaired by SU1498, a VEGFR-2-specific

antagonist. Elucidating the relationship between memory impairment with ageing and VEGFR-2 signalling may provide new suggestions for

protection against memory deficit in the ageing brain.

Senescence-accelerated mouse prone/8: Oligomers: Memory: Vascular endothelial growth factor receptor-2: Phosphorylation:
Neuroprotection

The senescence-accelerated mouse (SAM), a murine model of
accelerated senescence, was developed by Takeda et al. (1).
The phenotype shows a shortened life span with an accelera-
tion of several pathological conditions such as osteoporosis
(P6), degenerative joint disease (P3), cataract (P9), hyperin-
flammation of the lungs (P1) and hearing impairment (P1)(2).
One of these strains, SAM prone/8 (SAMP8), was found to
exhibit age-related deficits in learning and memory. Numerous
age-dependent alterations have been identified in the brain of
SAMP8, such as cortical atrophy in the pyriform cortex,
increased axonal dystrophy in the gracile nucleus, spongiform
degeneration in the brainstem reticular formation, periodic
acid Schiff-positive granular structures in the hippocampus,
bA4 protein-like immunoreactive granular structures in
various regions and blood–brain barrier dysfunction(3).
There is increasing evidence that SAMP8 shows a similar
pathology to the human brain in Alzheimer’s disease as well
as normal ageing(2,4). On the other hand, several studies
have suggested agents or methods to attenuate memory

impairment with ageing, such as acetyl-L-carnitine(5),
a-lipoic acid(6) and caloric restriction(7). Anti-oxidative
activity limited in the cerebral cortex was suggested as the
underlying mechanism of those treatments(8). Considering
that neuronal degeneration occurs in various brain regions of
SAMP8, the protective role of promising agents against anti-
ageing activity has to be investigated in various regions of
the brain. Therefore, in the present study, we investigated
the effect of the oligomeric form of proanthocyanidins on
memory deficit in SAMP8, and the underlying mechanism in
all brain regions was also observed.

Proanthocyanidins are known as condensed tannins, mem-
bers of a specific group of polyphenolic compounds, and
they have been reported to exhibit powerful anti-oxidant
activity(9,10). Although proanthocyanidin is the most abundant
dietary polyphenol, its high-level polymerisation results in
limited absorption in vivo (11). We previously isolated
oligomeric proanthocyanidins from persimmon peel, which
is usually discarded even though it is rich in phenolic

*Corresponding author: Dr Takako Yokozawa, fax þ81 76 434 5068, email yokozawa@inm.u-toyama.ac.jp

Abbreviations: BW, body weight; EC, epicatechin; EGC, epigallocatechin; EGCg, EGC 3-O-gallate; MAP2, microtubule-associated protein 2; P-NF-H,

phosphorylated neurofilament-H; P-VEGFR-2, phosphorylated vascular endothelial growth factor receptor-2; SAMP8, senescence-accelerated mouse prone/8;

SAMR1, senescence-accelerated mouse-resistance/1.

British Journal of Nutrition (2010), 103, 479–489 doi:10.1017/S0007114509992005
q The Authors 2009

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114509992005  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114509992005


compounds(12). The amount of proanthocyanidin in the
peel is higher than in whole fruits. It was reported that
oligomeric proanthocyanidins (oligomers) isolated from
persimmon peel increased the expression of SIRT1, which is
recognised as an essential factor in lifespan extension, in
an H2O2-induced cellular senescence model(13). Oligomer
treatment also decreased the expression level of 8-hydroxy-
20-deoxyguanosine, a marker of oxidation in the model. In
the present study, we hypothesised that the oligomeric form
of proanthocyanidins would exert a beneficial effect on
memory dysfunction and neuroprotection in the aged brain.
Using the SAMP8 model, we investigated the effect of
oligomers on spatial and object recognition memory, and the
densities of axons, dendrites and synapses were observed.
Furthermore, to evaluate the neuroprotective effect, vascular
endothelial growth factor receptor (VEGFR)-2 and its
phosphorylation were also investigated.

Materials and methods

Fractionation of oligomers from proanthocyanidins of
persimmon peel

As described previously(14), a mixture of freshly crushed
persimmon peel (green peel, 5–7 cm in diameter, 3 kg) and
dried green tea leaves (450 g) in water containing citric acid
(240 g) was boiled for 3 h. At this stage, nucleophilic substi-
tution at the C-4 positions of polymeric proanthocyanidins
with monomeric tea catechins occurred, and the polymeric
molecules were consequently converted into oligomers.
After cooling, the insoluble materials were removed by
filtration, and the filtrate was directly applied to a Sepabeads
SP 825 column (10 cm internal diameter £ 45 cm; Mitsubishi
Chemical Co., Minato-ku, Tokyo, Japan). Elution with water
(4 litre) washed out non-phenolic compounds consisting of
citric acid, sugars, minerals, amino acids, etc. Further elution
with water containing increasing amounts of ethanol
(20–80 % ethanol, 20 % stepwise elution, each 2 litre) yielded
a mixture of oligomeric proanthocyanidin and tea catechins
(72·2 g). The mixture was subsequently subjected to Sephadex
LH-20 column chromatography with ethanol. The monomeric
tea catechins were eluted out with ethanol, and further elution
with 50 % aqueous acetone yielded oligomers (51·5 g). The
degree of oligomeric polymerisation was estimated as 3·3 by
quantitative HPLC analysis of thiol degradation products(15),
while the unit ratios of epigallocatechin (EGC), epicatechin
(EC), EGC 3-O-gallate (EGCg) and EC 3-O-gallate in oligo-
mers were determined as 47, 15, 31 and 6 %, respectively.

Animals and experimental protocols

All surgical and experimental procedures were performed in
accordance with the recommendations found in the Guide
for the Care and Use of Laboratory Animals(16), and approved
by the Institutional Animal Care and Use Committee of the
University of Toyama. Male SAMP8 (5 weeks old, Japan
SLC, Shizuoka, Japan) was housed with free access to food
and water, and maintained in a controlled environment
(22 ^ 28C, 50 ^ 5 % humidity, 12-h light cycle starting at
07.00 hours). Animals with any gross defects (tumours outside
of the trunk, motor dysfunction and overt blindness) were

excluded before starting the experiment. At 38 weeks old,
SAMP8 was divided into three groups based on the body
weight (BW). The vehicle group was given water (n 7),
while the other two groups were administered oligomers
orally at doses of 10 and 50 mg/kg BW/d (n 7) for 5 weeks
using a stomach tube. Senescence-accelerated mouse-resist-
ance/1 (SAMR1; 38 weeks old, n 7) was used as a control
group. At 59 weeks old, SAMP8 was divided into two
groups by BW. The vehicle group was given water (n 3),
while the other group was administered oligomers orally at
a dose of 50 mg/kg BW/d (n 3) for 7 d using a stomach
tube. Behavioural tests were started for 2 weeks after oligomer
administration. The oligomers were administered consecu-
tively during 3 weeks of behavioural tests.

Male ddY mice (6 weeks old, Japan SLC) were housed with
free access to food and water, and maintained in the controlled
environment described previously. In the first experiment, the
vehicle group (n 5) was injected intracerebroventricularly
with 0·9 % NaCl. VEGF-165 and VEGF-E were injected
intracerebroventricularly at doses of 25 and 50 ng/ml (Acris
antibodies GmbH Hiddenhausen, Germany, n 5; solution:
0·9 % NaCl). In the second experiment, the vehicle group
(n 5) was injected intracerebroventricularly with 5 % dimethyl
sulphoxide in 0·9 % NaCl. The vehicle-treated group was
injected intracerebroventricularly with SU1498 (LC Labora-
tories, Woburn, MA, USA, 25 nmol/ml; solution: 5 % DMSO
in 0·9 % NaCl). VEGF-165 (25 ng/ml; solution: 0·9 % NaCl)
or VEGF-E (25 ng/ml; solution: 0·9 % NaCl) was injected
intracerebroventricularly with SU1498 (25 nmol/ml; solution:
5 % DMSO in 0·9 % NaCl). In the third experiment, oligomers
were administered orally at a dose of 50 mg/kg BW/d (n 4) for
7 d. Then, the vehicle (5 % DMSO in 0·9 % NaCl) was injected
intracerebroventricularly at 60 min after the final adminis-
tration of oligomers. Five days after vehicle injection,
SU1498 (5 nmol/ml; solution: 5 % DMSO in 0·9 % NaCl)
was injected intracerebroventricularly at 60 min after the
final administration of oligomers. Behavioural tests were
started from 3 d after intracerebroventricular injection.

Object location test

The object location test assessed the ability of mice to recog-
nise the novel spatial arrangement of familiar objects(17). For
two consecutive days, mice were individually habituated to
a square field box made of polyvinyl chloride
(33 cm £ 28 cm; height 26·5 cm) for 10 min. Vertical white
strips were put on one side of the black walls of the field,
while white circles were put on the opposite wall. Two objects
(plastic bottles) were placed at a fixed distance within the
square field. A mouse was then placed at the opposite edge
of the field, and the number of explorations of each object
was recorded during a 10-min period (training session).
Mice were then placed back into the same field for 24 h
after the training session, in which one of the objects used
during the training session was moved to another position in
front of different visual stimuli. The mice were then allowed
to explore freely for 10 min, and the number of explorations
of each object was recorded (test session). An action was
scored as an exploration when a mouse touched the object
with its nose or forelimbs. Mice did not step onto the bottle,
and the duration of each exploratory behaviour was very
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short; therefore, the number of times contacting an object
(contact times) mostly reflected the time spent exploring it,
and the contact times exclude artificial exploratory behaviour
such as staying near an object. A preference index, calculated
as the number of times a mouse made contact with any one of
the objects (training session) or the moved object (test session)

out of the total number of times it contacted both objects, was
used to measure cognitive function.

Novel object recognition test

The novel object recognition test is a method to study learning
and memory in mice using their tendency to interact more
with a novel object than with a familiar one(18). Two identical
objects (plastic bottles) were placed at a fixed distance within
a square field (33 £ 28 cm; height 26·5 cm). A mouse was then
placed at the opposite edge of the field, and the number of
explorations of each object was recorded during a 10-min
period (training session). Mice were then placed back into
the same field for 24 h after the training session, in which
one of the familiar objects used during the training session
was replaced with a novel object (a black vase). The mice
were then allowed to explore freely for 10 min, and the
number of explorations of each object was recorded (test ses-
sion). The number of explorations and contact times were
defined and recorded in the same way as for the object
location test. A preference index, calculated as the number
of times a mouse made contact with any one of the objects
(training session) or the novel object (test session) out of the
total number of times it contacted both objects, was used to
measure cognitive function.

Immunoblotting

At 1 h after the oral administration of oligomers to 59-week-
old SAMP8, the mice were decapitated. The brains were
rapidly removed from the skull, snap frozen in liquid N2

and stored at 2808C until analysis. A human receptor
tyrosine kinase phosphorylation antibody array (RayBiotech,
Inc., Norcross, GA, USA) was performed according to the
manufacturer’s protocol. Brain lysates at a protein concen-
tration of 500mg/ml were incubated with array membranes
for 12 h. After washing, membranes were incubated with
biotin-conjugated anti-phosphotyrosine antibody for 12 h.
Membranes were incubated with horseradish peroxidase-
conjugated streptavidin-mixed detection reagent and detected
by chemiluminescence with LAS-1000 plus (FUJIFILM,
Tokyo, Japan). Blot densities were quantified by an image
analyzer ATTO densitograph (ATTO, Tokyo, Japan). In the
case of western blotting, brain lysates (20mg) were electro-
phoresed through an 8 % SDS-polyacrylamide gel. Separated
proteins were transferred electrophoretically to a pure nitro-
cellulose membrane, blocked with 5 % skim milk solution
for 1 h and then incubated with phosphorylated VEGFR-2
(P-VEGFR-2; Cell Signaling, Beverly, MA, USA), VEGFR-
2 (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA, USA)
or b-actin (Sigma Chemical Co., St Louis, MO, USA) anti-
bodies overnight at 48C. After washing the blots, they were
incubated with horseradish peroxidase-conjugated goat anti-
rabbit or goat anti-mouse IgG secondary antibody for 2 h
at room temperature. Each antigen–antibody complex
was visualised using enhanced chemiluminescent Western
blotting detection reagents (Amersham Bioscience, Piscat-
away, NJ, USA) and detected by chemiluminescence with
LAS-1000 plus. Band densities were quantified by an image
analyzer ATTO densitograph and normalised by the b-actin
expression level.

Fig. 1. Effects of oligomers (O) on memory deficit in senescence-accelerated

mouse prone/8 (SAMP8). (a) Thirty-eight-week-old SAMP8 was administered

vehicle (Veh, water post-oral (p.o.), n 7) or O ((10), 10 mg/kg body weight

(BW)/d, p.o., n 7 or O (50), 50 mg/kg BW/d, p.o., n 7). Age-matched senes-

cence-accelerated mouse-resistance/1 was used as a control (Cont, n 7).

After 28 d of administration, an object location test was performed. A mouse

was placed in the field, and the number of explorations of each object was

recorded for 10 min (training session). Mice were placed back into the same

field 24 h after the training session, in which one of the two objects used

during the training session was moved to a different position in front of differ-

ent scenery. The mice were then allowed to explore the area freely for

10 min, and the number of explorations of each object was recorded (test

session). The preference index was defined as the number of times a mouse

made contact with any one of the objects (training session) or the moved

object (test session) out of the total number of times the mouse contacted

both objects (%). *P,0·05 v. Veh (one-way ANOVA followed by Bonferroni’s

post hoc test); †P¼0·0005 v. Cont in training session; ‡P¼0·0213 v. O (10)

in training session (paired t test). (b) After 23 d of administration, a novel

object recognition test was performed. A mouse was placed in the field, and

the number of times it made contact with the two objects was recorded for

10 min (training session). Mice were placed back into the same field 24 h

after the training session, in which one of the familiar objects used during the

training session was replaced with a novel object. The mice were then

allowed to explore the area freely for 10 min, and the amount of time spent

exploring each object was recorded (test session). The preference index was

defined as the number of times a mouse made contact with any one of the

objects (training session) or the novel object (test session) out of the total

number of times the mouse contacted both objects (%). *P,0·05 v. Veh on

test trial (one-way ANOVA followed by Bonferroni’s post hoc test);
§P¼0·0014 v. Cont in training trial (paired t test).
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Immunohistochemistry

Brains were subsequently cut into 12-mm and coronal sections
using a cryostat (CM3050S, Leica, Heidelberg, Germany).
Slices of the whole-brain area were fixed in 4 % paraformalde-
hyde for 30 min and stained with an antibody against
phosphorylated neurofilament-H (P-NF-H; Clone SMI35;
Sternberger Monoclonals, Lutherville, MD, USA; 1:500; an
axonal marker), microtubule-associated proteins 2a and 2b
(MAP2; Chemicon, Billerica, MA, USA; 1:500; dendritic
markers), synaptophysin (Clone SY38; Chemicon; 1:500; a
synaptic marker), P-VEGFR-2 (1:500), VEGFR-2 (1:100) or
doublecortin (Santa Cruz; 1:100). Alexa Fluor 488- and
Alexa Fluor 568-conjugated goat anti-mouse IgG (Molecular
Probes, Eugene, OR, USA; 1:300) were used as secondary
antibodies. Fluorescent images of the brain were captured

using fluorescent microscopy (AX-80, Olympus, Tokyo,
Japan) at 661 £ 878mm (the hippocampus) or 320 £ 425mm
(other areas). To evaluate the expression level of each protein
in each region, the fluorescence intensities of immunopositive
areas (after subtracting the background) in the fixed area of
squares (19 £ 19mm: the hippocampus; 32 £ 32mm: other
areas) were quantified using ATTO densitography. The back-
ground intensity was determined by staining slices without
each first antibody.

Statistical analysis

The results are expressed as the means with their standard
errors. In the object location and recognition tests, analyses
were performed using the paired t test and one-way

Fig. 2. Effects of oligomers on the decrease of axons, dendrites and synapses in the hippocampus. Fifty-nine-week-old senescence-accelerated mouse prone/8

was administered vehicle (Veh, water post-oral (p.o.), n 3) or oligomers (O (50), 50 mg/kg body weight/d, p.o., n 3). After 7 d of administration, brain slices were

immunostained with phosphorylated neurofilament-H (P-NF-H) (a), microtubule-associated protein 2 (MAP2) (b) and synaptophysin antibodies (c). The intensities

of immunopositive areas in the hippocampus were quantified. *P¼0·0243 v. O (50); †P¼0·0344 v. O (50) (Student’s t test).
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ANOVA followed by Bonferroni’s post hoc test. The immuno-
histochemical results were analysed by Student’s t test. All
analyses were conducted using the statistical software Sigma
Stat 1.0 for windows.

Results

Oligomers ameliorate impairment of spatial memory and
object recognition in senescence-accelerated mouse prone/8

The oligomeric form of proanthocyanidin was administered
orally every day for 2 weeks to SAMP8, and then an object
location test was performed. Compared with the training ses-
sion, SAMR1 and SAMP8 treated with oligomers (10 mg/kg
BW/d) showed significantly more frequent exploratory beha-
viours toward the moved than the fixed object (Fig. 1(a)).

Fig. 1(b) shows the effect of oligomers on object recog-
nition memory deficits in SAMP8. Visual object recognition
memory was evaluated using a novel object recognition test.
SAMR1 and SAMP8 treated with oligomers (50 mg/kg
BW/d) showed more significant and frequent exploratory
behaviours toward the novel than the familiar object in the
test session.

Oligomers increase the density of dendrites and synapses in
the brain of senescence-accelerated mouse prone/8

The levels of P-NF-H, MAP2 and synaptophysin in the brains
of mice (59 weeks old) were measured by immunohistochem-
istry. The observed brain regions were the frontal cortex,
seven subregions in three hippocampal regions (stratum
oriens and stratum radiatum in CA1, stratum oriens, stratum
lucidum and stratum radiatum in CA3, and molecular layer
and hilus in the dentate gyrus) and the striatum. In the cerebral
cortex and striatum, levels of P-NF-H, MAP2 and synaptophy-
sin remained unchanged on the administration of the oligo-
meric form of proanthocyanidin (data not shown).

Fig. 2 shows the effect of oligomers on axons, dendrites and
synapses in the oriens and radiatum of hippocampal CA1;
oriens, lucidum and radiatum of hippocampal CA3; and mol-
ecular layers and hilius of the dendate gyrus. The expression
levels of P-NF-H were increased in oligomer-administered
compared with vehicle-treated mice. Levels were significantly
elevated in the CA1 radiatum and oriens (Fig. 2(a)). The
expression levels of MAP2 were slightly increased in oligo-
mer-administered compared with vehicle-treated mice
(Fig. 2(b)). In addition, synaptophysin was slightly increased
in oligomer-administered mice, without a significant differ-
ence in comparison with vehicle-treated mice (Fig. 2(c)).

Oligomers increase phosphorylation of vascular endothelial
growth factor receptor-2 in the brain of senescence-
accelerated mouse prone/8

Our preliminary results using a phosphorylated receptor anti-
body array showed that the administration of oligomers for
7 d increased phosphorylation levels of VEGFR-2 in the
SAMP8 brain (data not shown). The effect of oligomeric
proanthocyanidins on the expressions of P-VEGFR-2 and
VEGFR-2 was observed by immunoblotting (Fig. 3). The
administration of oligomers resulted in an increase in the

expressions of P-VEGFR-2 and non-P-VEGFR-2 (Fig. 3(a)
and (b)). In addition, the effect of oligomers on the expression
in various brain regions was also investigated (Fig. 4). Brain
slices of oligomer-treated SAMP8 were immunostained for
the measurement of P-VEGFR-2. Increased expressions of
P-VEGFR-2 were observed in the cerebral cortex, hypothala-
mus, choroid plexus and hippocampal CA3 layer of SAMP8
(Fig. 5(a)). In particular, the P-VEGFR-2 level in the hypo-
thalamus of oligomer-treated SAMP8 was significantly
increased compared with vehicle-treated mice. On the other
hand, expression levels of VEGFR-2 in SAMP8 groups-admi-
nistered oligomers did not show significant changes compared
with vehicle-administered ones in all brain regions observed
(Fig. 5(b)).

Oligomers affected memory by a signal cascade through
vascular endothelial growth factor receptor-2

To elucidate the effect of VEGFR-2 on memory, we investi-
gated the inhibitory effects of a VEGFR-2-specific antagonist
on ligand-induced memory. Visual recognition memory was
assessed using a novel object recognition test. As shown in
Fig. 6, vehicle-treated mice showed significantly more fre-
quent exploratory behaviours toward a novel object than a
familiar object in the test session. However, the memory of
vehicle-treated mice was impaired by SU1498 injection. In
particular, mice treated with VEGF-E (25 ng/ml) showed a sig-
nificant increase in exploratory behaviour toward a novel
object compared with vehicle-treated mice, but not mice trea-
ted with VEGF-A (25 ng/ml). The memory enhancement
induced by VEGF-E injection was markedly inhibited by
SU1498. However, the memory of VEGF-165-treated mice
was not impaired by SU1498. On the other hand, oligomer-
treated mice showed more frequent exploratory behaviours
toward a novel object than a familiar one in the test session.
These exploratory behaviours were inhibited by SU1498.

Fig. 3. Effects of oligomers on phosphorylated vascular endothelial growth

factor receptor-2 (P-VEGFR-2) and VEGFR-2 expression. Fifty-nine-week-

old senescence-accelerated mouse prone/8 was administered vehicle (Veh,

water post-oral (p.o.), n 1) or oligomers (O (50), 50 mg/kg body weight/d,

p.o., n 1). After 7 d of administration, brain lysates were immunoblotted with

antibodies for P-VEGFR-2 (a) or VEGFR-2 (b). Expression intensities were

divided by b-actin expressions to generate ratios.
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Discussion

SAMP8 developed age-related cognitive deficit at as early as
4 months and had a short lifespan relative to SAMR1.
SAMP8 shows a decrease in the release of acetylcholine and
noradrenaline in comparison with age-matched SAMR1(19,20).

Many age-dependent alterations in various brain regions
such as the cerebral cortex and hippocampus at an early stage
in SAMP8 have been suggested as causes of memory
deficit(21,22). In the hippocampus, there was a greater increase
of glial fibrillary acidic protein as an astrocyte marker in

Fig. 4. Effects of oligomers on phosphorylated vascular endothelial growth factor receptor-2 (P-VEGFR-2) and VEGFR-2 expression in various brain regions.

Fifty-nine-week-old senescence-accelerated mouse prone/8 was administered vehicle (Veh, water post-oral (p.o.), n 3) or oligomers (O (50), 50 mg/kg body

weight/d, p.o., n 3). After 7 d of administration, brain slices were immunostained with P-VEGFR-2 (a) and VEGFR-2 (b) antibodies.
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CA1–3 regions of SAMP8 compared with age-matched
SAMR1, indicating enhanced reactive gliosis in aged
SAMP8(23). Tanaka et al. (24) reported the severe loss of oligo-
dendrocytes in the hippocampal CA1 of SAMP8. Moreover,
neuronal loss and lower-level expressions of glial cell line-
derived neurotrophic factor in the hippocampal CA1 associated
with memory impairment of SAMP8 were reported(25).
Therefore, hippocampal dysfunctions of SAMP8 have been
considered to be a major cause of age-dependent memory
impairment. Various candidate therapeutic agents for
memory dysfunction in SAMP8 have been reported, such as
acetyl-L-carnitine, a-lipoic acid, Choto-san (a herbal formula
medicine) and caloric restriction(5 – 7,26). In those studies, oxi-
dative stress was focused on as a cause of memory impairment
in SAMP8, although the change of oxidative stress was limited
in the cerebral cortex. Additionally, neuronal morphological
evaluations were insufficient in those studies.

We previously reported that oligomers attenuated the
expression level of 8-hydroxy-20-deoxyguanosine as a DNA
damage maker and increased the expression of SIRT1,
which is recognised as an essential factor in lifespan extension

in an H2O2-induced cellular senescence model(13). These
bioactivities were stronger in the oligomer-treated group
than the group treated with non-oligomerised proanthocyani-
dins showing high-level polymerisation. Ageing is a progress-
ive physiological change in an organism that leads to
senescence, or a decline of biological functions, and of the
organisms’ ability to adapt to metabolic stress. The process
increases the prevalence of learning and memory deficits.
For example, in aged rats, a loss of synapses in the dentate
gyrus and an alteration of Ca2þ regulation in the CA1 area
lead to a decline of synaptic plasticity, resulting in a change
of interactions among hippocampal networks and deficits in
the storage and retrieval of information regarding the spatial
organisation of the environment(27). Therefore, we expected
that the anti-ageing effect of oligomers may improve age-
associated memory impairment. In the present study, oligo-
mers improved spatial and object recognition memory in
SAMP8. The memory improvements seen in SAMP8 were
almost to the same levels as those of SAMR1. To investigate
the neurological changes brought about by the oral adminis-
tration of oligomers, we carried out an immunohistological

Fig. 5. Intensities of phosphorylated vascular endothelial growth factor receptor-2 (P-VEGFR-2)- (a) and VEGFR-2 (b)-positive areas were quantified in the

cerebral cortex, hypothalamus and choroid plexus, and the CA1, CA3 and dentate gyrus (DG) of the hippocampus. *P¼0·0429 v. O (50) (Student’s t test).
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analysis in the brain of SAMP8. The oral administration of oli-
gomers increased expression levels of P-NF-H, MAP2 and
synaptophysin in the hippocampus, but this was not observed
in regions of the cerebral cortex and striatum of SAMP8. In
particular, the expression of P-NF-H significantly increased
in the hippocampal CA1 by oligomer administration. P-NF-
H is used as a marker of axons, since the phosphorylated
form of NF-H is translocated into axons(28). In the hippo-
campus of aged mice, fragments of degenerated axons were
also increased, although reductions of neuronal numbers are
small in this region(29). Axonal termination to the spine is a
necessary step for synaptogenesis. Considering synaptic
losses in the hippocampal CA1 and 3 and the parietal cortex
in SAMP8(30), as well as in the hippocampal CA1, CA3 and
dentate gyrus in aged rats(31), axonal regeneration is important
for improving hippocampal function. Therefore, the increased
density of axons in the hippocampal CA1 was suggested to
have a protective role against memory loss with ageing.

Previous studies have suggested that oxidative stress is a
major cause of memory impairment in SAMP8. Hippo-
campus-specific modulation by oligomers is not explained
by an anti-oxidative effect, since only the cerebral cortex is
susceptible to oxidative stress in SAMP8 and not the hippo-
campus(8). Therefore, to investigate target molecules by the
oral administration of oligomers in the brain of SAMP8, we
performed a receptor tyrosine kinase phosphorylation antibody

array, and clarified that oligomer treatment increased the phos-
phorylation of VEGFR-2. Expressions of VEGFR-2 were
identified in the cerebral cortex, hippocampus and choroid
plexus of adult as well as neonatal rodents(32,33). However,
the localisation of VEGFR-2 in the brain of SAMP8 has yet
to be clarified. In the present study, VEGFR-2 expressions
were also detected in the striatum and hypothalamus of
SAMP8, as well as the cerebral cortex, hippocampus and chor-
oid plexus. In neurons, stimulation by VEGFR-2 among pro-
tein tyrosine kinase receptors of VEGF is linked to Akt/PKB
activation and neuronal protection in hypoxic precondition-
ing(34). Moreover, VEGFR-2 mediated a protective effect
through phosphatidylinositol-3-kinase/Akt- and mitogen-
activated protein/extracellular signal-regulated kinase/
extracellular signal-regulated kinase-signalling pathways in
glutamate-induced toxicity(35). In particular, memory enhance-
ment in recombinant adeno-associated viral vectors expressing
human VEGF-injected mice was inhibited by the injection of
dominant-negative mutant VEGFR-2(36). This indicates that
VEGF/VEGFR-2 is associated directly with neuronal signal-
ling. VEGF also exerts indirect effects on neurons. Moreover,
the topical administration of VEGF to the surface of the brain
reduces infarct size, and intraventricular VEGF enhanced the
survival of newly generated neurons in the dentate gyrus
and subventicular zones after focal cerebral ischaemia(37). In
the present study, we firstly showed that memory enhancement

Fig. 6. Effects of oligomers on object recognition memory deficit. Six-week-old male ddY mice were injected intracerebroventricularly with vehicle (5 % dimethyl

sulphoxide (DMSO) in 0·9 % NaCl, n 5) or SU1498 (25 nmol/1 ml; solution: 5 % DMSO in 0·9 % NaCl). Vascular endothelial growth factor (VEGF)-165 (25 ng/ml,

n 5) or VEGF-E (25 ng/ml, n 5) was injected simultaneously with vehicle or SU1498 (25 nmol/ml) intracerebroventricularly. Three days after injection, a novel object

recognition test was performed. Six-week-old male ddY mice were administered oligomers orally at a dose of 50 mg/kg body weight/d (n 4) for 7 d. Then, vehicle

(5 % DMSO in 0·9 % NaCl) was injected intracerebroventricularly at 60 min after the final administration of oligomers. Five days after vehicle injection, SU1498

(5 nmol/ml; solution: 5 % DMSO in 0·9 % NaCl) was injected intracerebroventricularly at 60 min after the final administration of oligomers. Three days after injec-

tion, a novel object recognition test was performed. A mouse was placed in the field, and the number of explorations of each object was recorded for 10 min (train-

ing session). Mice were placed back into the same field 24 h after the training session, in which one of the familiar objects used during the training session was

replaced with a novel object. The mice were then allowed to explore the area freely for 10 min, and the number of explorations of each object was recorded (test

session). The preference index was defined as the number of times a mouse made contact with any one of the objects (training session) or the novel object

(test session) out of the total number of times it contacted both objects (%). *P¼0·0002 (n 9, paired t test); †P¼0·0371 (n 5, Student’s t test); ‡P¼0·0317

(n 5, Student’s t test); §P¼0·0051(n 5, paired t test); kP¼0·0107 (n 5, Student’s t test).
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through oligomer treatment was inhibited by SU1498. Consid-
ering that VEGF-E-induced memory was also inhibited by
SU1498, oligomers or their metabolites may regulate
memory by the activation of VEGFR-2.

We elucidated that the administration of oligomers
increased the phosphorylation of VEGFR-2 in the hippocam-
pal CA3 region, suggesting that oligomeric metabolites may
directly affect the hippocampus, like the VEGFR-2 ligand. It
has been reported that Ca2þ influx and synaptic transmission
by VEGF in the hippocampus influence the generation of
long-term changes in synaptic efficacy(38). VEGF also stimu-
lates neurite outgrowth via Rho/Rho kinase signalling in cer-
ebral cortical neurons(39). Interestingly, changes in the
synapes and neurites induced by VEGF are caused by the acti-
vation of VEGFR-2 rather than VEGFR-1. Therefore, we
speculated that the phosphorylation of VEGFR-2 induced by
the administration of oligomers within the hippocampus may
be related to an increase in the densities on neurites and
synapses in the hippocampus.

The administration of oligomers increased the phosphoryl-
ation of VEGFR-2 in the hypothalamus and choroid plexus
as well as the hippocampus. The hypothalamus is contained
in the Papez circuit. The Papez circuit is a sensory circuit
involving the thalamus, sensory cortex (especially the cingu-
late region), hippocampus and mammillary body of the
hypothalamus(40). It has been reported that lesions in the
Papez circuit are associated with amnesia and the impairment
of recognition memory(41). Therefore, we speculate that the
hypothalamus is activated by the phosphorylation of
VEGFR-2, which may affect the hippocampus through the
Papez circuit.

The choroid plexus is made up of numerous villi that pro-
ject into the ventricles of the brain. Each villus is composed
of a single layer of epithelial cells overlying a core of connec-
tive tissues and blood capillaries(42). The choroid plexus is
involved in the most basic aspects of neural function, includ-
ing maintaining the extracellular milieu of the brain by
actively modulating chemical exchange between the cere-
brospinal fluid and brain parenchyma, surveying the chemical
and immunological status of the brain, detoxifying the brain,
secreting a nutritive cocktail of polypeptides and participating
in repair processes following trauma. This diversity of func-
tions may mean that even modest changes in the choroid
plexus can have far-reaching effects(43). Actually, a host of
growth factors and other neuroprotective agents given via
the cerebrospinal fluid can minimise the adverse effects of
stroke on the rat hippocampus. Multiple functional failures
including a decrease of cerebrospinal fluid as well as the atro-
phy of choroidal epithelial cells showed in normal ageing as
well as advanced Alzheimer’s disease indicate that the main-
tenance of cerebrospinal fluid through the choroid plexus may
have beneficial effects against neurodegenerative diseases(44).
Moreover, it has been reported that the intracerebroventricular
injection of nerve growth factor or insulin-like growth factor-1
improved memory deficit and hippocampal deterioration(45,46).
Therefore, we speculate that oligomers may induce the
secretion of some peptides after the phosphorylation of
VEGFR-2 in the choroid plexus, and then this peptide may
induce changes in the hippocampus.

We previously elucidated that the oligomers consisted of
various combinations of four types of monomer: EGC, EC,

EGCg and EC 3-O-gallate. Oligomers containing dimers, tri-
mers and tetramers of EGC, EC, EGCg and EC 3-O-gallate
are considered to exert a stronger activity than polymers. De
Boer et al. (47) demonstrated that EC 3-O-gallate and EGCg
stimulated SIRT1 more effectively than EC and EGC, since
galloyl and catechol groups are essential for the repair of
DNA damage. Therefore, the structural difference between
oligomers and polymers is considered to be an important
factor regarding proanthocyanidin’s action, and it also affects
the utilisation in biological systems. It is absorbed through the
gut barrier, and its absorption depends on the degree of polym-
erisation. Low molecular weight proanthocyanidins are known
as sustained release antioxidants; on the contrary, high mol-
ecular weight proanthocyanidins can exert their anti-oxidant
activity in the digestive tract and protect lipids, proteins and
carbohydrates from oxidative damage during digestion and
spare soluble antioxidants(48). Furthermore, EC and EGCg
are distributed in the brain by their absorption into plasma
after oral injection, and these monomeric forms may act as
potential therapeutic agents in neurodegenerative diseases(49).
This suggests that those monomeric forms can act as potential
therapeutic agents against neurodegenerative diseases in the
brain. In addition, it has been reported that dimers and trimers
of proanthocyanidins can be absorbed into epithelial cells such
as Caco-2 cells(50), suggesting that oligomers may act both oli-
gomerically and monomerically. We must elucidate the simi-
larities and differences in activities and functional
mechanisms between oligomers and metabolites including
monomers in vivo.

The present study indicated that the oral administration
of oligomers improved memory impairment in SAMP8. In
particular, the density of axons in the hippocampal CA1 was
significantly increased by oligomer administration. Moreover,
the administration of oligomers increased the phosphorylation
of VEGFR-2 in the hippocampal CA3, hypothalamus and
choroid plexus. We speculate that memory improvement
accompanied with histological changes may be induced
directly in the hippocampus and indirectly in the hypothala-
mus and choroid plexus through VEGFR-2 signalling. In the
present study, we elucidated the protective effect of oligomers
against memory impairment with ageing. VEGFR-2 signalling
may give us new insight into ways to protect against memory
deficit in the ageing brain.
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