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Abstract

Previously, it has been shown that strawberry (SB) or blueberry (BB) supplementations, when fed to rats from 19 to 21 months of age, reverse
age-related decrements in motor and cognitive performance. We have postulated that these effects may be the result of a number of positive
benefits of the berry polyphenols, including decreased stress signalling, increased neurogenesis, and increased signals involved in learning
and memory. Thus, the present study was carried out to examine these mechanisms in aged animals by administering a control, 2% SB- or 2%
BB-supplemented diet to aged Fischer 344 rats for 8 weeks to ascertain their effectiveness in reversing age-related deficits in behavioural and
neuronal function. The results showed that rats consuming the berry diets exhibited enhanced motor performance and improved cognition,
specifically working memory. In addition, the rats supplemented with BB and SB diets showed increased hippocampal neurogenesis and
expression of insulin-like growth factor 1, although the improvements in working memory performance could not solely be explained by
these increases. The diverse polyphenolics in these berry fruits may have additional mechanisms of action that could account for their relative

differences in efficacy.
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Although the mechanisms involved in motor™? and cognitive®
behavioural deficits during ageing remain to be discerned, it is
clear that oxidative stress (OS)(3 > and inflammation (INF)(Z*'S) are
involved. Increased susceptibility to the long-term effects of OS
and inflammatory insults are thought to be contributing factors to
the decrements in cognitive and/or motor performance seen in
ageing and other neurodegenerative diseases. Deficits in brain
functions due to OS may be the result of declines in endogenous
antioxidant defence mechanisms®'? and increases in the
vulnerability of the brain to the deleterious effects of oxidative
damage?. Research also indicates that not only is the CNS
particularly vulnerable to OS but that this vulnerability increases
during ageing (see Joseph et al**'¥ for review) and may also
enhance central vulnerability to INF'>'>. With age, there are
increases in inflammatory mediators (e.g. cytokines)'*'®, as
well as increased mobilisation and infiltration of peripheral
inflammatory cells, which have been shown to produce deficits
in behaviour similar to those observed during ageing™®.
Furthermore, age-related changes in brain vulnerability to
OS and INF may be the result of membrane changes and

differential receptor sensitivity'?.

The question then becomes how to reduce OS/INF vulnerability
to these age-related changes and reverse the aforementioned
deficits in motor and cognitive function. In this respect, studies
have shown that plants, including fruit- or vegetable-bearing
plants, synthesise a vast array of chemical compounds that are not
necessarily involved in the plant's metabolism. These ‘secondary
compounds’ instead serve a variety of functions that enhance the
plant’s survivability, including combating OS and INF. Research
suggests that polyphenolic compounds contained in colourful
fruits and vegetables exhibit potent antioxidant and anti-
inflammatory activities that can reduce the age-related sensitivity
to OS or INF??,

In previous studies, we found that crude blueberry (BB) or
strawberry (SB) extracts significantly attenuated age-related
motor and cognitive deficits in senescent rodents®"*?, as well
as radiation-induced cognitive behavioural decrements in
young rats®?. Specifically, young rats given an AIN-93 diet
supplemented with SB extract or spinach extract (1-2% of the
diet) for 8 months did not exhibit age-related decrements in
cognitive performance or neuronal function that were seen in
the unsupplemented controls®?. In a subsequent experiment,

Abbreviations: BB, blueberry; BrdU, bromodeoxyuridine; IGF-1, insulin-like growth factor 1; INF, inflammation; MWM, Morris water maze; OS, oxidative stress;

SB, strawberry; TBST, Tris-buffered saline with Tween.

* Corresponding author: B. Shukitt-Hale, fax +1 617 556 3299, email barbara.shukitthale@ars.usda.gov

T In memory of James A. Joseph, our valued colleague and friend, who passed away while this paper was being written.
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BB or SB supplementation for 8 weeks reversed age-related
deficits in neuronal and behavioural (motor and cognitive)
function in aged (19 months) Fischer 344 (F344) rats®Y. The
rodents in all diet groups, but not the control group, showed
improved working memory (short-term memory) performance
in the Morris water maze (MWM) test®”. Later studies sug-
gested that, in addition to MWM performance, BB supple-
mentation was also effective in reversing cognitive declines in
object recognition**#>,

Subsequent suggested that berry fruit
polyphenols may possess a multiplicity of actions aside from
antioxidant activity. Other possible mechanisms for the berry
fruit's positive effects include direct effects on signalling to
enhance neuronal communication® Y] the ability to buffer
against excess Ca®?, increased neurogenesis(27), enhancement
of neuroprotective stress shock proteins®®, alteration of
inflammatory gene expression and protection against neuro-
degeneration following excitotoxic stress®*** | and reduction of
stress signals such as NFkB?*?®. In addition, the anthocyanins
contained in BB have been shown to enter the brain, and theéir
(36

research has

concentrations were correlated with cognitive performance

The present study was carried out to further assess the
behavioural benefits of BB or SB in aged rats supplemented
with different diets for 8 weeks. In addition, we also assessed
insulin-like growth factor 1 (IGF-1) in the hippocampus, a
neuronal signal that has been shown to be associated with
learning and memory, in the supplemented and control groups.
Finally, measurements were made of dentate neurogenesis in
control and supplemented animals.

Methods
Animals

In all, forty-two 19-month-old male Fischer 344 rats, obtained
from the NIA colony (Harlan Sprague Dawley), were individually
housed in stainless steel mesh suspended cages, provided food
and water ad libitum, and maintained on a 12 h light-12 h dark
cycle. Following a 1-week acclimatisation period to the facility,
the rats were weight-matched and then randomly assigned to
one of three diet groups until euthanised (72 14/group): control,
2% SB or 2% BB. Weights were recorded at several time points
throughout the study and during behavioural testing. A food
intake assessment (over a 96-h period) was made during the 6th
week of the experimental feeding. All rats were observed daily
for clinical signs of disease. During the course of the study, two
rats in the control group, one in the BB group and two in the
SB group were euthanised because of excessive weight loss.
Animals were utilised in compliance with all applicable laws and
regulations as well as with principles expressed in the National
Institutes of Health, USPHS, Guide for the Care and Use of
Laboratory Animals. This study was approved by the Animal Care
and Use Committee of our Center.

Diets

The diets were prepared at Harlan Teklad by adding freeze-
dried fruit powder to the control diet, which was a modification

of the NIH-31 diet (20 g/kg diet, 2% w/w). The amount of
maize in the control diet was adjusted to compensate for the
added volume of the fruit powder. The control NIH-31 diet was
the same as used in earlier studies in which other fruits,
including BB, were found to be beneficial in mitigating
brain ageing(z/"%’y’”’?’s). The BB powder was prepared by
homogenising BB, obtained from US Highbush Blueberry
Council, with deionised water (1:1, w/v) for 3 min and then
centrifuging the recovered homogenate at 27 500 g for 15 min at
4°C. The supernatant was then frozen, crushed and lyophilised.
The SB powder was prepared by freeze-drying SB supplied by
the California Strawberry Commission; this powder has been
previously described®®. The amount of anthocyanins in each
diet was determined by liquid chromatography-tandem MS
according to the methods of Milbury et al“? (see Table 1).

Behavioural tests

Psychomotor testing. A battery of age- and diet-sensitive tests
of psychomotor behaviour'?2137:38:41,42)
a randomised order to the animals during the 8th week of
treatment. Each test was performed once, separated by a break
between tasks. Rats were tested in a random order, with the
restriction that one rat from each diet group be tested in
succession. Briefly, the tests included the following: (1) rod
walking, which measures psychomotor coordination and the
integrity of the vestibular system by requiring the animal to
balance on a stationary, horizontal rod; (2) wire suspension,
which measures muscle strength and the prehensile reflex, an
animal’s ability to grasp a horizontal wire with its forepaws and
to remain suspended; (3) plank walking, which measures
balance and coordination by exposing the rats to horizontal
planks of three different widths; (4) inclined screen, which mea-
sures muscle tone, strength, stamina and balance by placing the
animal on a wire mesh screen that is tilted 60° to the horizontal
plane of the floor; and (5) accelerating rotarod, which measures
fine motor coordination, balance and resistance to fatigue by
assessing the duration that a rat can remain standing/walking on a

was administered in

Table 1. Anthocyanin content (ng/g) of the rat diets as measured by liquid
chromatography-tandem MS®“®

Control diet Blueberry diet Strawberry diet

Anthocyanin (ng/9) (ng/g) (ng/g)

Cyanidin-3-galactoside 0-0 4968-3 0-0
Cyanidin-3-glucoside 387 2081-8 4493-9
Cyanidin-3-arabinoside 21.2 601-9 0.0
Delphinidin-3-glucoside* 0-0 355 0.0
Malvidin-3-arabinoside* 0-0 3661-6 0-0
Malvidin-3-galactoside™ 0-0 99795 00
Malvidin-3-glucoside*® 0-0 6985-6 0.0
Pelargonidin-3-(6"- 124.5 0-0 848-8

acetoyl)glucoside*®

Pelargonidin-3-glucoside® 21494 0-0 1214460
Peonidin-3-galactoside 0-0 148393 00
Peonidin-3-glucoside 165 29332 0-0
Petunidin-3-glucoside* 0-0 0-0 10787

* Because of the lack of analytical standards available, analytes were calculated
using a molar equivalency to cyanidin-3-glucoside
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rotating, slowly accelerating rod. (For a more detailed description
of the tests, see Shukitt-Hale et al.m).)

Cognitive testing. The MWM test, an accepted method of
testing spatial learning and memory, is an age-“1~* and diet-
sensitive®?74 learning paradigm that requires the rat to use
spatial learning to find a hidden platform (10 cm in diameter)
submerged 2 cm below the surface of the water in a circular
pool of water (134 cm in diameter X 50 cm in height), main-
tained at 23°C, and to remember its location from the previous
trial. Accurate navigation is rewarded with escape from the
water onto the platform, which the rat effectively locates by
using distal cues. The working memory version of the
MWM“4 was performed daily for 4 consecutive days during
the 9th week of treatment, with a morning and an afternoon
session, two trials at each session, with a 10-min inter-trial
interval between the two trials. Rats were tested in a random
manner, with the restriction that one rat from each group be
tested in succession. At the beginning of each trial, the rat was
gently immersed in water at one of four randomised start
locations. Each rat was allowed 120s to escape onto the
platform; if the rat failed to escape within this time, it was
guided to the platform. Once the rat reached the platform, it
remained there for 15 s (trial 1; reference memory or acquisition
triaD. The rat was returned to its home cage between trials
(10 min). Trial 2 (the working memory or retrieval trial) used
the same platform location and start position as trial 1. Perfor-
mances were videotaped and analysed with image tracking
software (HVS Image), which allows measurements of latency
to find the platform (s), path length (cm) and swimming speed
(cm/s; latency/path length). (For a more detailed description of
the maze and the paradigm used, see Shukitt-Hale et al.*?))

Neurogenesis

At least 10 d following behavioural testing, the rats were injected
with bromodeoxyuridine (BrdU, 50 mg/kg) for 3d. On the
4th day, one-half of the rats in each diet group (n 6-7/group)
were perfused with PBS and their brains post-fixed in
4% paraformaldehyde in order to study the proliferation of
newly divided cells via immunohistochemistry. The remaining
rats (n 6/group) were perfused 28 d later, as above, to study cell
survival.

For single immunostaining of BrdU, 40-um sections were cut
with a cryostat, and every tenth section spanning the entire
extent of the hippocampus was treated to denature DNA with
2~-HCl and DNase 1. Sections (6-8/rat) were incubated with a
mouse monoclonal anti-BrdU antibody, followed by incubation
with a rat-absorbed biotinylated anti-mouse secondary antibody.
Immunoreactivities were visualised by the avidin-biotin—perox-
idase procedure using 3,3'-diaminobenzidine (DAB) as chro-
mogen (Vectastain Elite ABC Kit; Vector). For double staining of
BrdU and glial fibrillary acidic protein (GFAP), sections were
treated and stained for BrdU as described above, except that Ni
was used in conjunction with DAB to produce a black coloura-
tion. After BrdU staining, sections were blocked with normal
horse serum, incubated with a polyclonal rabbit anti-GFAP

primary antibody and followed by incubation with a biotinylated
anti-rabbit secondary antibody. GFAP-positive cells were detec-
ted with the ABC Kit using DAB alone to obtain brown-stained
cells. BrdU-positive cells were counted by two independent
raters. Estimates were made of the total number of positive cells
located throughout the entire extent of the granular cell layer
(GCL), including the subgranular zone (as defined by a two-cell-
body-wide zone at the edge of the GCL) and the hilus, as well as
these regions separately, to examine migration pattern changes.
The estimated total number of BrdU-positive cells for each hip-
pocampus was calculated by first taking the mean count between
two raters for each sectioned dentate gyrus area, then averaging
the means of six sections counted per hippocampus, and mul-
tiplying this average for 6 sections by 60 (60 being the total
number of sections across the analysed portion of hippocampus
for each animal).

Western immunoblotting: insulin-like growth factor 1

For analysis of IGF-1 by western immunoblotting, sample pre-
paration was done according to a slightly modified procedure
of Williams et al.®®; specifically, hippocampal brain regions
were homogenised on ice with a Teflon-pestle motorised hand-
held homogeniser in a buffer containing Tris (50 mm), Triton
X-100 (0-1%), NaCl (150 mm) and ethylene glycol tetraacetic
acid/EDTA (2 mm), pH 7-4, with mammalian protease inhibitor
cocktail (1:100 dilution), sodium pyrophosphate (1 mm),
phenylmethanesulfonylfluoride (10 pg/mD, sodium vanadate
(1 mm) and sodium fluoride (50 mm). Homogenates were left on
ice for 45 min before centrifugation at 1000 g for 5 min at 4°C to
remove unbroken cell debris and nuclei. Protein concentration
in the supernatants was determined by the Dc Protein Assay
(Bio-Rad). Gel samples were boiled for 5min in Laemmli
sample buffer with a final concentration of 2-5% 2-
mercaptoethanol. Samples were stored at —80°C until analysis.

Western immunoblotting procedures were conducted as per
Ferrer et al.“* and Mendelson et al.“”. Briefly, 20 pg of protein
samples and pooled protein standard were run on a 12:5%
SDS-PAGE gel. The gel was soaked in protein transfer buffer
(200 mum-glycine, 25 mm-Tris base, 20 % methanol) for 10 min,
and then proteins were electrophoretically transferred to a
nitrocellulose membrane. Blots were blocked with TBST (Tris-
buffered saline with Tween; 140 mm-NaCl, 20 mm-Tris, 0-05 %
Tween-20, pH 7-5) with 4 % non-fat dried milk and incubated in
the IGF-1 antibody (Millipore) in TBST without milk, followed
by washing with TBST and incubation with the appropriate
horseradish peroxidase-conjugated secondary antibody in TBST
without milk. After a final washing in TBST, the signal was
detected using ECL Plus Reagents. The immunoreactive bands,
corresponding to the molecular weight of the protein of interest,
were visualised with a digital charge-coupled device camera
(Hamamatsu Photonics) attached to a Biolmaging System (EC®
Darkroom; UVP), and the optical densities were quantified with
LabWorks Imaging Acquisition and Analysis software (version
4.5; UVP). The pooled protein standard was used to normalise
the intensities of the antibody-specific bands, and the signals
were expressed as percentage of optical density of the standard
for comparison of signal across the blots.
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Statistical analyses

For each measure, between-subjects ANOVA models comparing
the diet groups were performed using Systat (SPSS Inc.) to test for
statistical significance at the P<0-05 level. Days or trials, when
appropriate, were included in the model as a within-subjects
variable. Post hoc comparisons, to determine differences between
the diet groups, were performed using Fisher’s least significant
difference post hoc analysis. To analyse working memory,
separate ¢ tests were conducted for each group between the trial 1
and trial 2 latencies. Correlations between behaviour and brain
measures were carried out using Pearson’s » correlation.

Results

There were no differences in weight (P> 0-05; average weight:
control group=428-41 (sem 10-27); BB group=431.71
(sem 7-02); SB group=428-67 (sem 7-43)) or food intake
(P> 0-05; average food intake: control group =21-74 (sem 0-88);
BB group=22-20 (sem 0-71); SB group=19-88 (sem 1-16))
between the diet groups during the study.

Psychomotor tests

Differences in psychomotor performance were seen among the
diet groups (Fig. 1). Specifically, latency to fall in the rod
walking test (mean values with their standard errors) was higher
in the BB group compared with the SB group (P<0-05);
however, neither diet group was different from the control
group (group effect: F,34=4-30; P<0-05; Fig. 1(a)). Rotarod
performance was improved by the BB diet compared with
control (P<0-05), whereas the SB group latency was not
different from either the control or the BB group (group effect:
F,34=2-35; P=0-10; Fig. 1(b)). On the large plank walk test,
the SB group had a longer latency to fall compared with the BB
group (P<0-05), whereas neither diet group was different from
the control group (group effect: F, 34 =4-52; P<0-05; Fig. 1(c)).
However, the BB group also made significantly more 180° turns
on the large plank compared with the SB or control group
(P <0-05), which might have contributed to the shorter latency
to fall (group effect: F,34=331; P<0-05; data not shown).
There were no additional differences between the groups on
any of the other motor tests.

Cognitive tests

When examining cognitive performance, the berry fruit diet
groups showed improved performance compared with the
control diet group (Fig. 2). There were no overall group
differences in MWM latency or distance to the platform in trial 1
or trial 2 performance. However, separate ¢ tests were per-
formed between the two trial latencies or distances for each
group for days 3 and 4 (the days when performance relies more
on memory than on learning) to determine whether the differ-
ent diet groups significantly improved their performance from
trial 1 to trial 2, an indication of working memory. We found
that rats in both the BB (#(12)=3-21; P=0-007) and SB
(#(11) =2-11; P=0-05) groups showed a significant reduction in

latency to find the platform between trial 1 and trial 2; that is
trial 2 latencies were significantly less than trial 1 latencies,
showing that these rats demonstrated one-trial learning, even
with the 10-min retention interval (Fig. 2(a)). This one-trial
learning was not found in the control group (#(11)=1-04;
P=0-32). In addition, both the BB (#(12) =3-51; P=0-004) and
SB (#(11)=3-14; P=0-009) diet groups showed significant
decreases in distance to find the platform between trial 1 and
trial 2; that is, trial 2 distances were significantly less than trial 1
distances (Fig. 2(b)), whereas this difference was not different
in the control group (#(11)=1-44; P=0-178). Therefore, rats
consuming the berry fruit diets showed reversal of the dele-
terious effects of ageing on cognitive performance, particularly
on working memory. These differences were not due to swim
speed as there were no differences between the groups in this
parameter on days 3 and 4.

Rodwalking

Latency to fall (s)

Control Blueberry Strawberry

B)

60

Rotarod

b

Latency to fall (s)

Control Blueberry Strawberry

©

Large plank
70 gep

Latency to fall (s)

Control

Blueberry Strawberry

Fig. 1. Latency to fall in the rod walking (A), rotarod (B) and large plank
(C) tests for the control, 2 % blueberry and 2 % strawberry diet groups. Values
are means, with their standard errors represented by vertical bars. *° Mean
values with unlike letters were significantly different (P<0-05; Fisher’s least
significant difference).
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Fig. 2. Morris water maze performance assessed as latency in seconds
(A) and distance in metres (B) to find the hidden platform over days 3 and 4 of
testing for animals in the control, 2 % blueberry and 2 % strawberry diet groups.
Values are means, with their standard errors represented by vertical bars.
Statistical difference in performance (i.e. an improvement) between W, trial 1
and %, trial 2 (* P<0:05, ** P<0-01), indicating improved working memory.

Neurogenesis

Differences were seen in cell survival among the diet groups
(group effect: F,1,=2:95; P=0-09; Fig. 3(a)), with rats in the
SB group showing a significant increase in the number of cells
surviving in the dentate gyrus of the hippocampus compared
with the control diet group (P<0-05). However, even though
rats in the SB group also showed higher numbers of
proliferating precursor cells (Fig. 3(b)), these differences did not
reach significance (P> 0-05). In both measures, rats in the BB
diet group showed numbers that fell between those of the SB
and control rats, and were not different from either group
(Fig. 3(a) and (b)). The BrdU-positive cells did not co-localise
with the GFAP-positive cells (data not shown).

Correlations between neurogenesis and cognitive perfor-
mance revealed that, as the number of proliferating cells
increased, the mean difference in latency between trial 1 and
trial 2 on days 3—4 also increased ( 0-414; P=0-087; Fig. 4). The
difference score is a measure of working memory, or short-term
memory, in that the higher the difference score, the more
improvement from trial 1 to trial 2, as the score implies that the
rats are able to find the platform more quickly on trial 2 by
remembering where it was on trial 1, after the 10 min delay.
Interestingly, when examined separately by diet group, only the
BB group showed a significant correlation between prolifera-
tion and working memory performance (r 0-816; P<0-05);
neither the control group (+ 0-290; P> 0-05) nor the SB group
(r 0-040; P>0-05) yielded significance. In contrast, cognitive
performance did not significantly correlate with surviving cells,

Control Blueberry Strawberry

C

400

300

200

100

Number of proliferating cells

Control

Blueberry Strawberry

Fig. 3. The number of surviving (A) and proliferating (B) precursor cells (measured
as BrdU-positive cells) in the dentate gyrus of the hippocampus of rats in the
control, 2% blueberry and 2% strawberry diet groups. Values are means, with
their standard errors represented by vertical bars. ®° Mean values with unlike
letters were significantly different (P< 0-05; Fisher's least significant difference).

and none of the motor tests showed a positive correlation with
neurogenesis.

Western immunoblotting

IGF-1 levels were increased by both berry diets compared
with control (P<0-05), but levels in the SB group were also
significantly higher (£ < 0-05) than those in the BB group (group
effect: F,,,=33-70; P<0-05; Fig. 5). Correlations between
IGF-1 and cognitive performance revealed no overall relation-
ship between IGF-1 levels and the mean difference in latency
between trial 1 and trial 2 on days 3-4 (r —0-028; P> 0-05).
However, when examined separately by diet group, only the
BB group showed a positive correlation between IGF-1 levels
and working memory performance (meaning that, as IGF-1
levels increased, the difference score for latency from trial 1 to
trial 2 increased, showing improved learning), although this
value did not reach statistical significance (r 0-772; P=0-126).
Correlation values for both the control group (r —0-884;
P<0-05) and the SB group (r —0-357; P> 0-05) were negative,
although only the value for the control group was statistically
significant, showing that higher IGF-1 levels were associated
with poorer working memory performance in this group.

Discussion

Overall, results from this study showed that consuming berry-
supplemented diets led to enhanced motor performance,
improved cognition, specifically working memory, increased
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Fig. 4. Correlations between neurogenesis (number of proliferating cells) and
cognitive behaviour (difference score of trial 1 (T1) and trial 2 (T2) in the Morris
water maze on days 3-4) of rats in the control, 2% blueberry (BB) and 2 %
strawberry (SB) diet groups. @, Control: r 0.290, P> 0.05; 4, BB: r 0.816,
P<0.05; W, SB: r0.040, P> 0.05.
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Fig. 5. Insulin-like growth factor 1 (IGF-1) levels in the hippocampus of rats in
the control, 2% blueberry and 2% strawberry diet groups. Quantitative
measurements were based on the western blots and represented as mean
band density. *>° Mean values with unlike letters were significantly different
(P < 0-05; Fisher’s least significant difference).

neurogenesis and increased IGF-1 signalling. However, these
results also indicate that the diverse polyphenolics in the
different berry fruits might be acting differentially to produce
their positive effects. For example, on the motor tests, the BB
diet group was better on the rod walk, which measures
psychomotor coordination and the integrity of the vestibular
system, whereas the SB group was better on the plank walk,
which assesses more general balance and coordination. Both
supplemented groups showed positive effects on the rotarod
test, which is a measure of fine coordination, balance and
resistance to fatigue. Conversely, both diets showed positive
effects on the cognitive tests. However, the improvements in
working memory performance could not solely be explained by
the increases in neurogenesis and neuronal signalling. For
example, only the behaviour of the BB group was significantly
correlated with the number of proliferating cells in the dentate
gyrus, even though overall the SB group had the highest
number of proliferating cells and a significantly greater number
of surviving cells compared with any other group. Similarly,
only the behaviour in the BB group showed a positive
relationship with IGF-1 levels, even though the SB-fed group
had the highest IGF-1 levels.

Because both berry fruit diets did not produce equivalent
results, the types and relative amounts of polyphenols in the

different berries could account for their relative differences in
efficacy. Therefore, we measured the anthocyanin content of
the diets as we feel these polyphenols are the most relevant
and the most distinct among these two fruits. The control diet
had trace amounts of a few anthocyanins. However, the BB diet
showed higher levels of four different anthocyanins, specifically
cyanidin, delphinidin, malvidin and peonidin, compared with
the SB diet, which had more pelargonidin and petunidin than
the BB diet. In fact, the only anthocyanin that the two berry
diets had in common was cyanidin-3-glucoside. Whereas the
BB diet had
the anthocyanin content of the SB diet was driven by the large
quantity of pelargonidin-3-glucoside. We shown
previously that anthocyanins contained in BB, specifically the
four seen in the rat diet in this study, cross the blood-brain
barrier in glycosylated form and localise in the brain, and the
total number of anthocyanin compounds in the cortex and
hippocampus correlates with MWM performance(36). Future
studies should measure polyphenols and their metabolites in
the serum and brain of rats, to determine which specific
anthocyanins contribute to the improvements in behaviour.

These results agree with an earlier study in our laboratory
that found that aged rats fed a 2% BB-supplemented diet had
significant increases in hippocampal proliferation of neuronal
precursor cells compared with non-supplemented aged rats,
and these increases correlated with reductions in the number
of memory errors in a radial arm water maze. Furthermore, this
study found that BB-fed rats had increases in the neuro-
protective trophic factor IGF-1 that were associated with sig-
nificant decreases in memory errors®”. Another study found
that rats fed a 2 % BB diet prior to central administration of the
neurotoxin kainic acid showed increased hippocampal mRNA
expression of IGF-1 compared with control-fed rats®?. In the
present study, spatial working memory performance in the BB
group was also associated with increases in hippocampal
plasticity ~parameters and IGF-1 levels.
Interestingly, these associations were not seen in the SB group.
It remains to be determined whether changes in other markers
would correlate better with the cognitive improvements in the
SB group or whether another measure of cognition would
correlate better with these markers.

Given the well-documented link between hippocampal
neurogenesis, cognitive performance and age, the fact that an
association was found between the proliferation of neuronal
precursor cells and spatial memory performance in our animals
suggests that berry-mediated increases in neurogenesis may
play a key role in the reported improvements in cognition in
such aged animals. However, despite this association between
proliferation and cognition, neither berry diet group showed a
significantly higher number of proliferating cells compared with
the control group, possibly because of the small number of rats
in each group measured for neurogenesis (6/group). It is
also surprising that, even though the berry diets increased the
survival of hippocampal neurons, spatial working memory in
the MWM did not correlate with this parameter. Perhaps
proliferation itself is more important in improving spatial
memory and learning in the BB-supplemented animals.
Alternatively, it may be that diet-induced changes in survival

smaller amounts of more anthocyanins,

have
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of neurogenesis
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take a longer time to develop, and the length of the feeding
prior to behavioural testing was not a long enough time to
capture this change. It is also possible that BB may be
more effective at stimulating neuronal differentiation and in
improving neuroplasticity compared with SB; future studies
should examine these measures.

Another animal study showed that supplementation with a
BB diet (2 % of the diet for 12 weeks) improved spatial working
memory in aged rats in a cross maze, and that, as in the present
study, these performance improvements were associated with
attenuated levels of a variety of signalling molecules involved in
stress, survival and neural plasticity in the hippocampus®®.
Memory performance correlated with the activation of
cyclic AMP-response element-binding protein and increases in
brain-derived neurotrophic factor in the hippocampus, which
were linked to increases in the phosphorylation state of
extracellular signal-related kinase and changes in the activation
state of mammalian target of rapamycin. Interestingly, one key
pathway that the IGF-1 receptor signals through is regulated
by phosphatidylinositol-3 kinase and its downstream partner
mTOR"®.

The current study highlights the need to study the effects of
berry fruits on human health and, to date, only a few studies
have investigated changes in cognition with age. Most notably,
in one study, older adults with mild cognitive impairment
consuming BB juice (6-9 ml/kg per d) for 12 weeks showed
improved word list recall and increased paired associate
learning, relative to both baseline and placebo controls™”.
Recent clinical research has also linked changes in walking
speed and gait variability to declines in cognitive ability during
‘normal’ ageing®*>". On the basis of these findings and existing
evidence for the protective effects of berry fruits on motor
ability in rodent models, from this and previous studies, it
can be stated that future clinical research should incorporate
measures of cognition paired with measures of motor
control, balance and mobility to determine whether berry
supplementation can enhance motor control in older, non-
pathological, adults.

Taken together, these preclinical findings suggest that dietary
supplementation with berry fruits has the potential for a
multiplicity of effects, in addition to their antioxidant and
anti-inflammatory properties, including the activation of a variety
of signalling pathways that result in neuroprotection, neuro-
genesis and, ultimately, spared cognitive and motor behaviour.
Individual polyphenols in the berry fruits might exert their effects
through different and/or independent mechanisms. Future
studies should assess which specific polyphenolic compounds
and/or metabolites enter the serum, and from there into which
areas of the brain in animals, to ascertain the extent to which
regional localisation and bioavailability of the BB and SB
polyphenols contribute to their mechanism(s) of action.
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