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Abstract
Research has shown that fruits and vegetables containing high levels of polyphenolics (flavonoids) display high total
antioxidant activity. Our laboratory found that various fruit and vegetable extracts, particularly blueberry (BB), were effective
in reversing age-related deficits in neuronal signaling and behavioral parameters following 8 weeks of feeding, possibly due to
their polyphenolic content. However, it was unclear if these phytonutrients were able to directly access the brain from dietary
BB supplementation (BBS). The present study examined whether different classes of polyphenols could be found in brain
areas associated with cognitive performance following BBS. Thus, 19 month old F344 rats were fed a control or 2% BB diet
for 8–10 weeks and tested in the Morris water maze (MWM), a measure of spatial learning and memory. LC–MS analyses of
anthocyanins in the diet and subsequently in different brain regions of BBS and control rats were carried out. Several
anthocyanins (cyanidin-3-O-b-galactoside, cyanidin-3-O-b-glucoside, cyanidin-3-O-b-arabinose, malvidin-3-O-b-galacto-
side, malvidin-3-O-b-glucoside, malvidin-3-O-b-arabinose, peonidin-3-O-b-arabinose and delphinidin-3-O-b-galactoside)
were found in the cerebellum, cortex, hippocampus or striatum of the BBS rats, but not the controls. These findings are the
first to suggest that polyphenolic compounds are able to cross the blood brain barrier and localize in various brain regions
important for learning and memory. Correlational analyses revealed a relationship between MWM performance in BBS rats
and the total number of anthocyanin compounds found in the cortex. These findings suggest that these compounds may
deliver their antioxidant and signaling modifying capabilities centrally.

Keywords: Brain region localization, cognition, dietary supplementation, flavonoids, LC–MS, polyphenolics

Abbreviations: BB, blueberry; BBS, blueberry supplementation; MWM, Morris water maze; LC–MS, Liquid
chromatography–Mass spectrometry; ERK, extracellular signal-regulated kinase; OS, oxidative stress; ORAC, Oxygen
radical absorbance capacity; DA, dopamine; MRM, multiple-reaction monitoring; DAD, diode-array detector; SPE, solid phase
extraction; DP, declustering potential; CE, collision energy; CAD, collision-activated dissociation; CREB, cyclic AMP response
element binding protein

Introduction

Oxidative stress (OS) is widely accepted to be involved

in the signaling and behavioral losses seen in

senescence. Therefore, numerous studies have investi-

gated the efficacy of antioxidants with respect to

reducing the deleterious effects of brain aging. Our

research, and that of others, suggests that the

combinations of antioxidant/anti-inflammatory com-

ponents found in fruits and vegetables may slow or

reverse age-related deficits in brain function and

cognitive behaviors (e.g. Joseph et al. 1998, 1999).

However, limited information is available on whether
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food-derived antioxidant compounds can cross the

blood brain barrier, localize in detectable amounts,

and act centrally.

Plants, including food plants, synthesize a vast array

of chemical compounds that are not involved in their

primary metabolism. These “secondary compounds”

instead serve a variety of ecological functions that

enhance the plant’s survivability. Interestingly, these

compounds may be responsible for the multitude of

beneficial effects of fruits and vegetables on an array of

health-related bioactivities, two of the most important

of which may be their antioxidant and anti-inflamma-

tory properties. In this regard, numerous studies have

described the antioxidant protection of flavonoids in

inhibiting such parameters as lipid peroxidation and

peroxynitrite-mediated dopamine (DA) oxidation

in vitro. Although the findings are complex, flavonoids

have also been postulated to protect against OS in vivo,

reviewed in Schroeter et al. (2002). Anthocyanins are

a class of polyphenolic flavonoids that are responsible

for the vivid red to blue colors of many plants. They

have been shown in numerous studies to exhibit

potent antioxidant and anti-inflammatory properties

(Harborne and Williams 2000, Prior 2003), and many

highly pigmented fruits and vegetables have been

identified as being high in antioxidant activity via the

oxygen radical absorbance capacity assay (ORAC;

Cao et al. 1996, Wang et al. 1996, Prior et al. 1998).

There is a considerable amount of literature in

which a variety of antioxidant/anti-inflammatory

dietary agents have been employed to alter behavioral

and neuronal deficits associated with aging. These

studies have included such nutritional supplements as

vitamins C or E, garlic, reviewed in Youdim and

Joseph (2001), herbals (e.g. ginseng, ginkgo biloba,

Ding lang; reviewed in Cantuti-Castelvetri et al.

(2000)) and dietary fatty acids, reviewed in Youdim

et al. (2000a). Given the significant antioxidant/anti-

inflammatory potential of colorful fruits and vege-

tables, it was believed that they might show

considerable efficacy in reducing the deleterious

effects of aging. This hypothesis was confirmed in a

study testing fruits and vegetables identified by ORAC

as being high in antioxidant activity (Cao et al. 1996,

Wang et al. 1996, Prior et al. 1998). Our results

showed that long-term (from 6 to 15 months of age;

F344 rats) feeding with a supplemented AIN-93 diet

containing strawberry or spinach extract (1–2% of the

diet) or vitamin E (500 IU), retarded age-related

decrements in cognitive and neuronal function

(Joseph et al. 1998).

More importantly, results from subsequent experi-

ments (Joseph et al. 1999, Youdim et al. 2000d)

indicated that short-term dietary supplementation (8

weeks; from 19 to 21 months of age) with blueberry

(BB) extract was effective in reversing age-related

deficits in neuronal and behavioral (cognitive and

motor) function. BB supplementation (BBS) has also

been shown to be associated with significant improve-

ments in several indices of neuronal signaling (e.g.

muscarinic receptor sensitivity, extracellular signal-

regulated kinase (ERK) activation) (Casadesus et al.

2004, ShukittHale et al. 2003).

Among the many compounds found in blueberries

(BB) that may be mediating these beneficial effects are

flavonoids such as catechins, proanthocyanidins and

anthocyanins. Anthocyanins, among other poly-

phenolic compounds, have been found in previous

studies, reviewed in Youdim et al. (2003) to have

several peripheral effects including: (a) stabilizing

connective tissue (Teixeira 2002), (b) promoting

collagen formation (Han et al. 2003) and (c) helping

to prevent oxidative damage to blood vessels (e.g.

Aviram et al. 2000). However, these biological

effects will be delivered in a targeted tissue or organ

only if these compounds are able to reach them.

Anthocyanins from food are bioavailable mainly in

their intact glycosylated form. Previously they have

been described to be absorbed from the stomach

(Passamonti et al. 2003, Talavera et al. 2003), to be

present in plasma (Matsumoto et al. 2001, Mazza et al.

2002, McGhie and Ainge, 2003, Youdim et al.

2000c), in liver and kidney (Tsuda et al. 1999) and

also excreted in urine (Felgines et al. 2002, 2003,

Milbury et al. 2002, Wu et al. 2002). However, never

have anthocyanins been identified in the central

nervous system (CNS). Other flavonoids such as

epicatechin (Abd el Mohsen et al. 2002) and

naringenin (Peng et al. 1998, Tsai and Chen 2000)

have been found in the brain following high doses of

dietary administration (or via gavage or i.v.), but as far

as can be determined, no studies have assessed central

localization of anthocyanins from a low, orally

administrated dose from food, similar to that ingested

in a single serving of berry fruit.

Numerous factors can influence blood brain barrier

permeability to polyphenols such as anthocyanins.

It has been suggested that the type of sugar attached to

flavonoids may be an important determinant of its

permeability and bioavailability (Hollman et al. 1999,

McGhie and Ainge 2003). It has been shown that

anthocyanins are mainly absorbed as glycosides in

experimental animals and humans (Milbury et al.

2002, Scalbert et al. 2002). The structure of the

anthocyanin, in particular, the presence of the cation

group, seems to impart resistance to enzymatic

conversion into conjugates so that they are mainly

absorbed as glycosides (Felgines et al. 2002, McGhie

and Ainge, 2003), although, to a lesser degree, some

glucuro- and or sulphoconjugates from anthocyanins

have been observed (Felgines et al. 2003). It has also

been shown that anthocyanin pigments can be found

as glucosides (Felgines et al. 2003, Maata et al. 2003).

The present study was carried out to assess whether

anthocyanins might be found in brain areas associated

with cognitive performance following blueberry

C. Andres-Lacueva et al.112



supplementation in senescent rats. In addition, the

subjects were tested with measures of spatial learning

and memory in order to assess whether there was a

relationship between the presence of anthocyanin

compounds and enhanced cognitive behavioral

performance.

Materials and methods

Chemicals

The 3-O-b-glucosides of cyanidin, pelargonidin,

peonidin, delphinidin, petunidin and malvidin (six

mixed anthocyanins standard, HPLC grade) were

obtained from polyphenols laboratories (Sandnes,

Norway). Cyanidin-3-O-b-galactoside, and malvidin-

3-O-b-galactoside were from Indofine Chemical

Company Inc. (Somerville, NJ, USA). Taxifolin,

used as an internal standard, and formic acid were

from Sigma Chemical Co. (St Louis, MO, USA).

Trifluoracetic acid, hydrochloric acid, methanol, ethyl

acetate and acetonitrile were from Fisher Scientific

(Pittsburg, PA, USA). MilliQ Ultrapure water from

Waters (Milford, MA, USA) was used. All reagents

were of the highest purity. A stock solution of the

internal standard was prepared at 1 mg/ml in 80%

methanol. Anthocyanin stock solutions (1 mg/ml)

were prepared in methanol 0.1% HCl, and sonicated

for 20 min in an iced water bath, to ensure complete

dissolution. All working standard solutions were

prepared in the LC mobile phase and stored at

2808C. All standards and samples were filtered

through a 4 mm PTFE 0.45mm filter from Waters

prior to injection.

Diets and animals

The rat diets were prepared as previously described

(Youdim et al. 2000d). Briefly, BB were homogenized

in water (1:1 w/v) for 3 min. The recovered homogen-

ate was centrifuged at 13,000g for 15 min at 48C and

the supernatant collected, frozen and lyophilized

(Joseph et al. 1998). Freeze dried extracts were

shipped to Harlan Teklad (Madison, WI, USA),

where they were combined with the control diet

(20 g/kg diet), a modified NIH-31 diet (see Youdim

et al. 2000d). The amount of BB extract added, 2%,

was similar to that of our earlier studies (Joseph et al.

1999), in which beneficial effects were first observed.

The control diet was supplemented with 2% dried

corn. The two diets were isocaloric within the error

margin attributable to routine variations in the

nutritional value of the natural ingredients of the

NIH-31 diet.

Male Fischer 344 (F344) rats from the NIA/Har-

lan colony of aging rats were housed in pairs on a

12 h light–dark schedule with ad libitum access to

food and water. Old rats were randomly assigned to

either the control ðn ¼ 8Þ or the BBS diet ðn ¼ 8Þ

group and received the diet from ages 19–21

months. Behavioral testing was completed during

weeks 7 and 8 on the diet. After 10 weeks on the

diets, brains were harvested, frozen in liquid

nitrogen, and stored at 2808C. Animals were used

in compliance with all applicable laws and regu-

lations as well as principles expressed in the National

Institutes of Health, United States Public Health

Service Guide for the Care and Use of Laboratory

Animals. This study was approved by the Insti-

tutional Animal Care and Use Committees of

Simmons College and the Human Nutrition

Research Center on Aging at Tufts University.

Behavioral testing

The Morris water maze (MWM) is a commonly

used, age-sensitive measure of hippocampally-based

spatial learning and memory (Ingram et al. 1994,

Shukitt-Hale et al. 1998). In these experiments, the

MWM was a featureless 134 cm diameter pool filled

to a depth of 30 cm with 238C water. A 10 cm

diameter platform was hidden 1 cm below the surface

of the water. Rats swim well and are motivated to

escape from the water. Using distal visual cues, over

successive trials, the rats learn to navigate to the

platform location and are rewarded by being removed

from the pool. Each trial lasted for 60 s or until the

rat climbed onto the platform, whichever came first.

Escape latency or time to reach the platform was

measured. The subject remained on the platform for

10 s before being removed from the pool. The rats

swam 6 trials a day for 4 consecutive days, starting

from one of four randomized locations. The inter-

trial interval was 10–20 min. On days 2 and 3, trial 6

was a probe trial (60 s swim) where the platform was

removed and the rat’s swim path was monitored. On

day 4, a reversal test (platform moved to a new

location) was performed; the 7th trial was done with

a visible white platform that extended 2 cm above the

surface of the water and was marked with a white

flag. The visible platform trial was used to assess any

differences in performance unrelated to learning and

memory, e.g. in motor skills or visual acuity.

Sample preparation for anthocyanin identification

in brain tissue

Avoiding unnecessary exposure to light and keeping

samples on ice, brain tissue from individual rats was

thawed, dissected into hippocampal, striatal, cortical

and cerebellar samples, and carefully cleaned with

ice-cold saline solution (0.9%); the blood-free brains

were quickly frozen in liquid nitrogen and stored at

2808C. Anthocyanins were homogenized and

extracted from the tissue samples by solid phase

extraction (SPE) with a Waters OasisTM HLB

Anthocyanins are found centrally 113



(Milford, MA, USA) and recovered in acidic

methanol and acetonitrile. Extracts were evaporated

under nitrogen and reconstituted with 300ml mobile

phase. Percent recovery of extracts from spiked

control brain tissue was .90%.

Instrumentation

LC–MS analyses of anthocyanins in brain

LC analyses were performed using an Agilent 1100

series (Waldbronn, Germany) quaternary pump

equipped with an autosampler and a diode-array

detector (DAD). Chemstation HP Rev. A.08.03 was

used for data analysis. Compounds were separated

using a reversed-phase Zorbax Stable Bond-C18

(150 £ 2.1 mm, 5mm) column. Increased sensitivity

was obtained using an internal diameter of 2.1 mm

compared with 4.6 mm. A gradient profile (flow-rate of

0.4 ml/min) was used to separate anthocyanins using

mobile phase A (5% formic acid in water) and mobile

phase B (100% acetonitrile); (t (min), %B): (0, 8), (24,

20), (30, 26), (35, 50), (38, 80), (40, 8), (55, 8).

A 15ml aliquot of sample was injected onto the

column and absorption monitored at 520 nm. An API

3000 triple-quadrupole mass spectrometer (PE Sciex,

Concord, Ont., Canada) was used to obtain the MS

and MS/MS data. All analyses were performed using

a Turbo Ionspray source in positive mode with the

following settings: capillary voltage 4.0 kV, nebulizer

gas (N2) 10 (arbitrary units), curtain gas (N2) 12

(arbitrary units), collision gas (N2) 10 (arbitrary

units), focusing potential 200 V, entrance potential

210 V, drying gas (N2) heated to 4008C and

introduced at a flow-rate of 8000 cm3/min. In order

to increase sensitivity, declustering potential (DP)

and collision energy (CE) were optimized for each

compound in infusion experiments; these are the

most important MS parameters for increased signal

and fragmentation. Each individual standard solution

(10 ng/ml) was dissolved in 80:20 mobile phase (A:B)

and infused at a constant flow-rate of 5ml/min into

the mass spectrometer using a Model 11 syringe

pump (Harvard Apparatus, Holliston, MA, USA).

Full-scan data acquisition was performed, scanning

from m/z 100 to 700 in profile mode and using a cycle

time of 2 s with a step size of 0.1 u and a pause

between each scan of 2 ms. MS/MS product ions

were produced by collision-activated dissociation

(CAD) of selected precursor ion in the collision cell

of the triple-quadrupole mass spectrometer, and mass

was analyzed using the second analyzer of the

instrument. CAD gas (nitrogen) at 6 (arbitrary

units) and scan range, as necessary for the precursor

selected, were used. The optimum CE was between

30 and 45 V, and DP between 45 and 55 V. Triple-

quadrupole mass spectrometry is recommended

when the highest sensitivity is required in targeted

analysis, and MRM (multiple reaction monitoring)

assay is the method of choice to search for potential

metabolites present at trace levels, especially for in

vivo samples (Liu et al. 2002). Single quadrupole

detectors are not particularly useful for metabolite

identification because of their low capability to carry

out ion fragmentation compared with triple quadru-

pole mass spectrometers (Wang et al. 2002).

Statistical analyses

To analyze the MWM data, ANOVA models were

performed with diet as the between factor (control

vs. BB-supplemented) and days and trials as the

within repeated measures variables using Systat

(SPSS, Inc., Chicago, IL) to test for statistical

significance at the p , 0:05 level. Pearson r corre-

lations between MWM behavior (mean latency day 4

trials 2–6 and number of seconds in the target

quadrant and number of crossings of the previous

platform location for the probe trials on days 2 and

3) of the BB-fed old rats and the total number of

anthocyanin compounds in the brain were performed

using Systat (SPSS, Inc) to test for statistical

significance at the p , 0:05 level.

Results

Identification of anthocyanins in rat brain

The following anthocyanins were found to be

present in BB fruit and in the BB extract (with

which the diet was supplemented): delphinidin-3-O-

b-galactoside, delphinidin-3-O-b-glucoside, cyani-

din-3-O-b-galactoside, cyanidin-3-O-b-glucoside,

cyanidin-3-O-b-arabinoside, peonidin-3-O-b-galac-

toside, peonidin-3-O-b-glucoside, peonidin-3-

O-b-arabinoside, malvidin-3-O-b-galactoside,

malvidin-3-O-b-glucoside and malvidin-3-O-b-ara-

binoside (see Figure 1). The positive identification

of the anthocyanins in brain samples was based on

their retention times and on ion fragmentation in

MS/MS mode, compared with those of standards

when available (Table I). Otherwise, positive

identification was performed by comparison with

the reported anthocyanins previously identified in

BB (Kalt et al. 1999). For anthocyanins (anthocya-

nidin glycosides), the mass spectra in MS/MS mode

showed both the parent ion [M þ glycoside]þ and

the ion corresponding to the loss of the glycoside

moiety (product ion) [M]þ (Table I). No antho-

cyanins were detected in any brain region of rats

fed the control diet (Figures 2 and 3); however,

glycosylated anthocyanidins (anthocyanins) were

found in all BBS rat brains (Tables I and II).

Anthocyanins were present in brain regions in

unmetabolized forms; no aglycons, glucuronides or

sulphates were detected. Galactoside anthocyanins
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were the main glycosides found in brain. When

examining the profile of the different anthocyanins

in the various brain regions, eight anthocyanins

were found in cortex, specifically, 3-O-b-galacto-

sides, glucosides and arabinosides of cyanidin and

malvidin and 3-O-b-galactosides of delphinidin and

peonidin (Table II and Figure 2). Also, in

hippocampal regions, we identified four different

anthocyanins: 3-O-b-galactosides of cyanidin, mal-

vidin and delphinidin and malvidin-3-O-b-arabino-

side (Table II and Figure 3). In cerebellum from

BBS rats, we found 3-O-b-galactosides of malvidin

and delphinidin, while 3-O-b- galactosides of

malvidin and delphinidin and 3-O-b-arabinosides

of cyanidin were detected in striatum (Table II).

Localization and distribution of individual antho-

cyanins from the BB diet within the different brain

regions varied among the individual rats. There

were also differences in the number of different

anthocyanin compounds found in each brain region

from each BB rat, particularly in the cortex and

hippocampus where the number of compounds

Figure 1. Typical chromatograms generated by LC-ESI-MS-MS of levels of anthocyanins in control and blueberry diet (a) cyanidin-3-O-b-

galactoside; (b) cyanidin-3-O-b-glucoside; (c) cyanidin-3-O-b-arabinose; (d) malvidin-3-O-b-galactoside; (e) malvidin-3-O-b-glucoside; (f)

malvidin-3-O-b-arabinoside; (g) peonidin-3-O-b-galactoside; (h) peonidin-3-O-b-glucoside; (i), peonidin-3-O-b-arabinose. LC–MS/MS

conditions are described in text.

Table I. LC–MS/MS characteristics of anthocyanins in positive mode for identification.

Compounds Peak Molecular weigh Parent ion (m/z) Product ion (m/z)

Cyanidin-3-O-b-galactoside a 449 449 287

Cyanidin-3-O-b-glucoside b 449 449 287

Cyanidin-3-O-b-arabinoside c 419 419 287

Malvidin-3-O-b-galactoside d 493 493 331

Malvidin-3-O-b-glucoside e 493 493 331

Malvidin-3-O-b-arabinoside f 463 463 331

Peonidin-3-O-b-galactoside g 463 463 301

Peonidin-3-O-b-glucoside h 463 463 301

Peonidin-3-O-b-arabinoside i 433 433 301

Delphinidin-3-O-b-galactoside j 465 465 303

Delphinidin-3-O-b-glucoside k 465 465 303

Taxifolin IS 304 305 153

I.S.: Internal standard
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detected ranged from 0 to 5 and from 0 to 4,

respectively.

Relationship to behavior

There was significant improvement over days in water

maze acquisition (learning) performance (i.e. latency

to find the platform) [F(3,42) ¼ 4.27, p , 0:05�.

However, there were no differences between the

groups as both the control and BB-fed rats showed

equal improvement in learning performance, and

similar performance on the probe trials. Performance

on the visible platform trial was also not significantly

different between the diet groups and latency on this

trial was low [control, 12:0 þ 2:5 ðmean þ SEMÞ; BB,

15:9 þ 7:6�; showing that there was no learning

impairment due to extraneous performance factors,

such as motor skills or visual acuity.

To examine whether there was a relationship

between MWM behavior of the blueberry-fed old

rats and anthocyanins found in the brain, we

calculated the total number of anthocyanins in the

cortex and hippocampus of each rat, regardless of

which compound or which form. We examined these

brain areas because the cortex showed the greatest

separation of the anthocyanin data in terms of number

of compounds for the different rats ðn ¼ 8Þ and

because the hippocampus is the brain area most

Figure 3. Typical chromatograms generated by LC-ESI-MS-MS of levels of anthocyanins in rat hippocampus after consumption of a control

or a blueberry-supplemented diet (a) cyanidin-3-O-b-galactoside; (d) malvidin-3-O-b-galactoside; (f) malvidin-3-O-b-arabinoside. LC–

MS/MS conditions are described in text.

Figure 2. Typical chromatograms generated by LC-ESI-MS-MS of levels of anthocyanins in rat cortex after consumption of a control or a

BBS diet (a) cyanidin-3-O-b-galactoside; (d) malvidin-3-O-b-galactoside; (e) malvidin-3-O-b-glucoside; (f) malvidin-3-O-b-arabinoside).

LC–MS/MS conditions are described in text.
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associated with learning and memory, even though the

number of rats was small ðn ¼ 4Þ (Gallagher and

Pelleymounter 1988, Shukitt-Hale 1999). We found a

significant negative correlation between day 4 re-

learning (mean latency for trials 2–6) and number of

total anthocyanins measured in the cortex ðr ¼

20:780; p ¼ 0:022Þ; i.e. as anthocyanin number

increased, the latency to find the platform decreased

(Figure 4). Additionally we found a significant positive

correlation between number of crossings of the

previous platform location for the probe trial on day

3 and number of total anthocyanins measured in the

hippocampus ðr ¼ 0:982; p ¼ 0:018Þ and a trend for

the correlation between number of seconds in the

target quadrant for the probe trial on day 3 and

hippocampal anthocyanins ðr ¼ 0:911; p ¼ 0:089Þ; i.e.

as anthocyanin number increased, the rat spent more

time searching in the location of the previous platform

location on the probe trial.

Discussion

Following 10-weeks of dietary supplementation with

2% BB, anthocyanins were found in the brains of all

rats fed the BBS diet, while no anthocyanins were

detected in the brains of control diet rats.

In particular, the galactoside forms of cyanidin and

malvidin and malvidin-3-O-b-arabinose were identi-

fied in a number of brain regions, most frequently in

the hippocampus and the cortex. The biological

effect of anthocyanins will be delivered in a targeted

tissue or organ only if they are able to reach them.

The anthocyanins were able to cross the blood-brain

barrier and reach CNS to directly deliver their

biological effects. They are bioavailable in their intact

glycosylated form, as it is in food. Previous studies

have found radio-labeled epigallocatchin gallate in

the brain (Suganuma et al. 1998), and additional

findings have found the flavonoids hesperetin and

naringenin in the brain following i.v. administration

(Peng et al. 1998, Tsai and Chen 2000). However, to
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Figure 4. Scattergram of mean latency to find the platform on day

4, trials 2–6 as a function of total number of anthocyanins detected

in the cortex.
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our knowledge, this is the first time that anthocyanins

have been identified in brain tissue following dietary

supplementation of a food such as berryfruit. Our

results demonstrate that glycosylated anthocyanins

can cross the blood-brain barrier and can localize in

brain regions that mediate cognitive behavior. These

findings support studies suggesting that the beneficial

effects of plant extracts such as ginkgo biloba may

reflect the actions of their flavonoids (e.g. Wesnes

et al. 2000).

Importantly, in the present experiment, the correla-

tional analyses between the behavioral parameters and

LC/MS/MS localized compounds revealed that there

was a relationship between MWM performance in the

BBS rats and total number of anthocyanin com-

pounds in the cortex and hippocampus, even though

only a small number of brains were examined. Thus,

the significant negative correlation between day 4 re-

learning and number of total anthocyanins measured

in the cortex, and the significant positive correlation

between the probe trial measures on day 3 and

number of total anthocyanins measured in the

hippocampus, suggest that these compounds may

deliver their antioxidant and signal-modifying capa-

bilities centrally. This result is particularly interesting

since previous research has indicated that perform-

ance on day 4, the day when the platform is moved and

the rat has to relearn a new location, is significantly

affected by aging (Shukitt-Hale et al. 1998), and is

dependent on intact cortical function, reviewed in

D’Hooge and De Deyn (2001). However, place

learning (position of a goal with reference to a

“map” provided by the configuration of numerous

cues in the environment) is mediated by the

hippocampus, and is also susceptible to decline in

the aged rat, as shown by poorer performance on

probe trials and a difference in the accuracy of

searching for the goal during training (Gallagher and

Pelleymounter 1988, Shukitt-Hale 1999).

In the present study, we did not see a significant

improvement in behavior in the BB-supplemented rats

compared to control-fed rats, as we had in previous

studies (Joseph et al. 1998, 1999, Youdim et al.

2000d). One possible explanation for this result may

be that we used a different MWM paradigm in this

study (i.e. the same platform location for 3 days, with a

reversal test on the fourth day) compared to the one

we normally use that is more difficult for the animals

to learn/perform (i.e. the working memory paradigm),

particularly with a 10 min delay (Morris 1984,

Shukitt-Hale et al. 1998). Therefore, it may not have

been sensitive enough to distinguish a diet effect

between the groups.

In this work, the use of the triple quadrupole mass

spectrometer though MS/MS experiments, such as

the multiple-reaction monitoring (MRM), ensured

sensitive, accurate identification of the anthocyanins

in rat brain. In this MS/MS mode, the parent ion in

Q1 and the product ion in Q3 were monitored since:

(i) anthocyanins make up only a small portion of the

BB extract that is added to a standard well-balanced

diet at 2%, (ii) considering the limited amount of

anthocyanins ingested and the small size of regional

brain samples, from 280 mg of cortex to 22.1 mg of

hippocampus, the high selectivity and sensitivity of

triple-quadrupole mass spectrometer are required for

accurate identifications.

Since it appears that anthocyanins derived from diet

can be found in brain areas associated with cognitive

behavior, it is possible that these flavonoids may be

providing benefits indirectly by their antioxidant/anti-

inflammatory activities. We have previously shown

(e.g. Joseph et al. 1999, Youdim et al. 2000d) that

BBS significantly improves striatal muscarinic recep-

tor sensitivity in old rats and protects against OS-

generated deficits. Other experiments have shown that

berry anthocyanins penetrate a variety of cell types

and that incorporation into the cell’s cytosol protects

against H2O2-induced oxidative stress and loss of cell

function (Youdim et al. 2000b, Galli et al. 2002).

As pointed out in the Introduction, we have

previously shown (Youdim et al. 2000b, Galli et al.

2002) that BB-supplementation significantly enhances

behavioral performance on the Morris water maze task

and that it also increases hippocampal calcium

buffering and striatal muscarinic receptor sensitivity.

However, since it was not known that BB polyphenols,

such as anthocyanins, would penetrate the blood brain

barrier and localize centrally, it was not clear whether

these alterations in signaling pathways were specifically

the result of the central effects of these compounds.

However, recent research suggests that polyphenols

enhance neuronal signaling. For example, research

indicates that delphinidin inhibits endothelial cell

proliferation and cell cycle progression through

extracellular signal kinase (ERK) activation (Martin

et al. 2003). Moreover, it is known that phytochemicals

can regulate multiple signaling pathways in a selective

manner at the level of transcription, especially those

concerned with MAP kinase (Frigo et al. 2002). If this

is the case, then it could be surmised that the multiple

downstream effects that could take place include those

involving enhancements in neuronal survival and

proliferation (e.g. Petegnief et al. 2003) via activation

of mitogen and stress activated kinases, e.g. MSK1

(Deak et al. 1998, Hughes et al. 2003) and bcl2

(Deak et al. 1998), and those which might directly

affect cognition through activation of such factors as

cyclic AMP response element binding protein (CREB)

(Scott et al. 2002). In fact, we have found evidence that

the BBS diet may directly affect MAP kinase signaling

in aged (Casadesus et al. 2004) and even young

(Shukitt-Hale et al. 2003) rats.

Additionally, a recent study (Joseph et al. 2003a)

indicates that BBS enhanced hippocampal ERK and

protein kinase C activities, both of which are

C. Andres-Lacueva et al.118



important in learning and memory (Rosenzweig et al.

1993), and prevented deficits in Y maze performance

in APP/PS1 transgenic mice (a model of Alzheimer

disease) when compared to non-supplemented mice.

Correlational analyses indicated that the degree of

ERK or PKC activation was positively associated with

enhancements in Y-maze behavioral performance

(Joseph et al. 2003a). Data also shows that carbachol

stimulation of M1–M4 MAChR-transfected COS-7

cells can activate ERK 1 and 2 using a signal

transduction pathway similar to that operating in

neurons (Joseph et al. 2003b), and that ERK-

mediated responses can serve as a convergence site

for MAChR activation and other neurotransmitter

receptors (Rosenblum et al. 2000). Studies have

demonstrated the role of ERK signaling cascades in

diverse types of learning and memory such as

conditioned taste aversion (Berman et al. 1998),

novel taste learning (Swank and Sweatt 2001), spatial

learning (Selcher et al. 1999) and inhibitory avoidance

(Schafe et al. 1999).

Taken together these findings provide the first

evidence that polyphenolic compounds from foods

can cross the blood-brain barrier in glycosylated form,

localize in the brain, and may thereby affect behavioral

performance by enhancing the neuronal signaling

pathways associated with memory. They further

suggest that an optimum intake of colored food,

such as BB, may have important benefits on the rate of

progression of aging and neurodegenerative disease by

preserving normal neuronal functions.
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