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Abstract

Cognitive impairment in age-related neurodegenerative diseases such as Alzheimer's disease may 

be partly due to long-term exposure and increased susceptibility to inflammatory insults. In the 

current study, we investigated whether polyphenols in blueberries can reduce the deleterious 

effects of inflammation induced by central administration of kainic acid by altering the expression 

of genes associated with inflammation. To this end, 4-month-old male Fischer-344 (F344) rats 

were fed a control, 0.015% piroxicam (an NSAID) or 2% blueberry diet for 8 weeks before either 

Ringer's buffer or kainic acid was bilaterally micro-infused into the hippocampus. Two weeks 

later, following behavioral evaluation, the rats were killed and total RNA from the hippocampus 

was extracted and used in real-time quantitative RT-PCR (qRT-PCR) to analyze the expression of 

inflammation-related genes. Kainic acid had deleterious effects on cognitive behavior as kainic 

acid-injected rats on the control diet exhibited increased latencies to find a hidden platform in the 

Morris water maze compared to Ringer's buffer-injected rats and utilized non-spatial strategies 

during probe trials. The blueberry diet, and to a lesser degree the piroxicam diet, was able to 

improve cognitive performance. Immunohistochemical analyses of OX-6 expression revealed that 

kainic acid produced an inflammatory response by increasing the OX-6 positive areas in the 

hippocampus of kainic acid-injected rats. Kainic acid up-regulated the expression of the 

inflammatory cytokines IL-1β and TNF-α, the neurotrophic factor IGF-1, and the transcription 

factor NF-κB. Blueberry and piroxicam supplementations were found to attenuate the kainic acid-

induced increase in the expression of IL-1β, TNF-α, and NF-κB, while only blueberry was able to 

augment the increased IGF-1 expression. These results indicate that blueberry polyphenols 

attenuate learning impairments following neurotoxic insult and exert anti-inflammatory actions, 

perhaps via alteration of gene expression.
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Introduction

Inflammation is thought to be a major factor in brain aging and in age-related 

neurodegenerative diseases such as Alzheimer's disease. Products of inflammatory reactions, 

such as cytokines, complement proteins, and adhesion molecules are neurotoxic, and may 

represent extracellular signals that initiate neuronal degeneration through several 

intracellular pathways.1–5 Interestingly, several inflammatory mediators, produced by 

multiple endogenous sources including microglia, astrocytes, and brain endothelial cells,6 

have been identified in the Alzheimer's disease brain over the last two decades, and the 

levels of inflammatory cytokines and complement proteins are significantly elevated in the 

brains of Alzheimer's disease patients.7,8

Cognitive impairment, alone or as part of an age-related neurodegenerative disorder such as 

Alzheimer's disease, may be due in part to a combination of, or interaction between, long-

term exposure and increased susceptibility to inflammatory insults.9–12 As previously 

reported with respect to oxidative stress,13 we suggest that changes resulting from aging 

establish environmental conditions in the brain for further inflammatory insult in 

Alzheimer's disease. Therefore, increasing anti-inflammatory protection in the brain and/or 

reducing brain susceptibility to inflammatory insults should retard or even reverse the 

deleterious effects of inflammation.

Previous findings from our research group and others have suggested that this might be 

accomplished by increasing the dietary intake of fruits and vegetables (see Joseph et al.14 for 

review). Foods which contain dietary polyphenolics that are high in antioxidant and anti-

inflammatory activity,15,16 such as blueberries and strawberries, can prevent and reverse the 

occurrence of the neurochemical and behavioral changes that characterize the aged 

organism.17–23 In this regard, our research group has demonstrated in several studies that 

diets enriched with different varieties of berry-fruit, particularly blueberries, as well as 

purple grape juice, were able to reverse several parameters of brain aging (e.g. deficits in cell 

communication), such as dopamine release, as well as age-related motor and cognitive 

deficits, when fed to aged rats for 2 months.17,19,21,22,24,25

In addition to having antioxidant and anti-inflammatory effects, other possible mechanisms 

for the berry-fruit's positive effects include: direct effects on signaling to enhance neuronal 

communication,20 the ability to buffer against excess calcium,26 enhancement of 

neuroprotective stress shock proteins,27 and reduction of NF-κB.23 Additionally, the 

anthocyanins contained in blueberries have been shown to enter the brain, and their 

concentrations were correlated with cognitive performance.28 Measures of hippocampal 

plasticity, including neurogenesis, were also enhanced in rats on a blueberry-enriched diet.18 

Additionally, supplementation with blueberries increased the levels of insulin-like growth 

factor-1 (IGF-1) and its receptor IGF-1R, and these increases were significantly correlated 
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with improvements in cognitive performance and significantly associated with increases in 

extracellular signal regulated kinase (ERK) activation.18 Furthermore, the potential anti-

inflammatory actions of polyphenolics are supported by a number of studies that have shown 

them to be able to antagonize arachidonic acid transport29 and suppress the 5-lipoxygenase 

pathway30 and thus reduce inflammatory responses,31,32 as well as regulate signal 

transduction processes/transcription factors involved in the regulation of inflammatory 

genes.33

The current study investigated whether the polyphenols in blueberries can reduce the 

deleterious effects of inflammation on cognition by altering the expression of inflammatory 

genes using central administration of kainic acid as a model to induce an inflammatory 

response. Injections of kainic acid, a neurotoxin and an analog of the excitatory amino acid 

glutamate, have been shown to induce a characteristic behavioral syndrome and 

neurodegeneration in several brain areas including the hippocampus, an important neural 

locus for learning and memory. Kainic acid injections induce selective neuronal loss to 

hippocampal neurons containing ionotropic kainate glutamatergic receptors.34 We examined 

the performance of treated young rats in a Morris water maze task and then collected brain 

tissue for analyzing several markers of inflammatory response in the hippocampus. The 

hypothesis was that rats on a 2% blueberry diet (equivalent to a human eating approximately 

1 cup of blueberries daily) would exhibit less kainic acid-induced impairment in the Morris 

water maze task and less expression of inflammatory markers compared to rats on a control 

diet, or a diet containing the non-steroidal anti-inflammatory drug, piroxicam, used as a 

positive control.

Materials and methods

Animals

Seventy male F344 rats (Harlan Sprague Dawley, Indianapolis, IN, USA), weighing 269–

332 g (mean ± SEM, 294.11 ± 1.49 g) and 3 months of age at the start of the experiment, 

were used in this study. They were individually housed in stainless steel mesh suspended 

cages, provided food and water ad libitum, and maintained on a 12-h light/dark cycle. 

Following at least a 2-week acclimatization period to the facility, the rats were weight-

matched and then randomly assigned to one of three diet groups – control, 2% blueberry 

diet, or 0.015% piroxicam diet. All animals were observed daily for clinical signs of disease. 

These animals were utilized in compliance with all applicable laws and regulations as well 

as 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 Use and Care 

Committee of the USDA, HNRCA at Tufts University.

Diets

The blueberry diet was prepared by homogenizing blueberries (1:1 w/v) for 3 min and then 

centrifuging the recovered homogenate at 13,000 g for 15 min at 4°C. The supernatant was 

then frozen, crushed, and lyophilized, and the freeze-dried extracts were shipped to Harlan 

Teklad (Madison, WI, USA) where they were combined with the control diet, which was a 

modification of the NIH-31 diet (20 g/kg diet, 2% w/w). This diet is the same one used in 
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previous studies in which beneficial effects on aging were found.18,20,22,23 The piroxicam 

diet was prepared by adding piroxicam powder (P0847; Sigma-Aldrich, St Louis, MO, 

USA) to the NIH-31 diet (0.15 g/kg diet, 0.015% w/w). For both diets, the amount of corn in 

the control diet was adjusted to compensate for the added volume. The rats were maintained 

on either the control, blueberry, or piroxicam diet for 8 weeks prior to kainic acid micro-

infusion.

Kainic acid micro-infusions

Kainic acid (K0250, Sigma-Aldrich) or Ringer's buffer was bilaterally micro-infused 

stereotaxically into the CA3 region of the hippocampus (kainic acid dose = 300 ng in 0.5 μl 

Ringer's buffer each side for a total of 600 ng) during a 3-min infusion. Rats were 

anesthetized with pentobarbital (50 mg/kg) and restrained in a stereotaxic instrument. A 1-μl 

Hamilton microsyringe was mounted onto the stereotaxic instrument and lowered to 

coordinates A/P −3.6 mm; M/L ± 2.4 mm; D/V −3.0 mm. Seven of the original 70 rats did 

not survive the micro-infusion procedure. The rats were subsequently divided into 6 groups: 

control diet-Ringer's (control diet-R, n = 10), control diet-kainic acid (control diet-KA (n = 

12), blueberry diet-Ringer's, (BB-R, n = 9), blueberry–kainic acid (BB-KA, n = 12), 

piroxicam diet-Ringer's (PX-R, n = 9), piroxicam–kainic acid (PX-KA, n = 11), although 

afterwards two rats in the PX-KA group were unable to perform the behavioral tasks. 

Animals were allowed to recover in polycarbonate cages with contact bedding for 1 week 

before being transferred back to the suspended cages for behavioral testing.

Morris water maze testing

The Morris water maze is a commonly used age35–37 and diet19,22,38 sensitive spatial 

learning and memory paradigm. This paradigm requires that rats to find the location of a 

hidden platform (10 cm in diameter) just below the surface (2 cm) of a circular pool of water 

(134 cm in diameter × 50 cm in height, maintained at 23°C) based on distal cues that remain 

constant from trial to trial while placement into the maze on given trials varies.39 Accurate 

navigation to the platform is rewarded by escape from the water. The maze is placed in a 

room with the lights dimmed, and there are numerous extra-maze cues placed on the walls 

that the rat can use to navigate the maze.

Rats were given four consecutive days of training in the Morris water maze (6 trials/day) 10 

days following Ringer's buffer or kainic acid micro-infusion. At the beginning of each trial, 

the rat was gently immersed in the water, facing the wall, at one of three randomized start 

positions (located in the center of each quadrant not containing the platform). Each rat was 

allowed 60 s 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 10 s. At the 

end of each trial, the rat was towel-dried, returned to its home cage for approximately 15–20 

min (during which the remaining rats were tested) before being returned to the maze for its 

next trial. 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 to assess the development of a spatially 

guided learning strategy. On day 4, a reversal test (platform moved to the quadrant 

diagonally opposite to the training quadrant) was performed for 5 trials, followed by a probe 

trial, in order to assess the ability of the rats to relearn a new platform location. 
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Performances were videotaped and analyzed with image tracking software (HVS Image, 

UK), which allows measurements of latency to find the platform (s), path length (cm), and 

swimming speed (cm/s), as well as information on spatial strategies during the probe trials, 

such as number of crossings and time spent in the area where the platform had been 

previously located. Detailed descriptions of the maze and the paradigm can be found in a 

previous publication.40

OX-6 determination

One day following behavioral testing, one-half of the rats in each group were perfused with 

phosphate buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M phosphate 

buffer, pH 7.4, and the brains prepared for immunohistochemical measurement of 

inflammatory markers using primary antibodies against OX-6, a monomorphic determinant 

for rat class II MHC molecules on macrophage-like cells and reactive microglia. The 

sections were incubated at room temperature overnight with purified anti-rat RT1B (OX-6; 

BD PharMingen, San Diego, CA, USA) diluted 1:400. The sections were incubated with 

biotinylated secondary antibody followed by incubation with avidin and biotinylated 

peroxidaseconjugated tertiary antibody complex (ABC Elite; Vector Laboratories, 

Burlingame, CA, USA). Immunostaining was visualized enzymatically with chromogen 

3,3′-diaminobenzidine (DAB substrate kit, Vector Laboratories). OX-6 immunoreactivity 

was quantified by two independent raters, on a scale of 1–8 (1 being no activation and 8 

being high activation).

Total RNA isolation and real-time qRT-PCR analysis

One day following behavioral testing, one-half of the rats in each group were decapitated, 

hippocampi were dissected out and immediately frozen in liquid nitrogen, then stored at 

−80°C for later analysis. Total RNA was extracted from the hippocampal tissues, and 

residual genomic DNA was digested by RNase-free DNase I with the RNeasy kit from 

Qiagen (Valencia, CA, USA). RNA concentration was assessed by RiboGreen RNA Assay 

kit from Invitrogen (Carlsbad, CA, USA). One microgram of total RNA was used to 

synthesize cDNA in 20 μl total volume with the ImProm-II reverse transcription system 

from Promega Corp. (Madison, WI, USA). At the conclusion of reverse transcription, the 

total volume of the reaction mix was increased to 125 μl by adding DNase/RNase-free water 

and 4 μl of the resulting cDNA template was subsequently used for real-time PCR. Real-

time PCR was carried out for each sample in duplicates on an ABI PRISM 7700 Sequence 

Detection System in 25 μl total volume with the SYBR Green PCR Master Mix (Foster City, 

CA, USA). Relative mRNA expression was measured in several markers: the neurotrophic 

factor IGF-1, inflammatory cytokines IL-1β and TNF-α, and the transcription factor NF-κB. 

The primers (sequences available upon request) for PCR amplification were designed with 

Primer3 software.41 A comparative threshold cycle (CT) method was used to analyze the 

real-time PCR data where the amount of target, normalized to an endogenous reference (β-

actin) and relative to a calibrator (untreated sample), was calculated by the equation 2−ΔΔCT 

(for derivation of the equation see Livak and Schmittgen42).
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Statistical analyses

For each measure, analysis of variance (ANOVA) models using group as a between-subjects 

factor were performed using Systat (SPSS, Inc., Chicago, IL, USA) to test for statistical 

significance at the P < 0.05 level (overall ANOVA results for group are presented in the 

figure captions). Post-hoc comparisons, to determine differences among the groups, were 

performed using Fisher's LSD post-hoc analysis. Three specific comparisons included: the 

kainic acid-injected versus the matched diet Ringer's buffer group; differences from the 

control diet-Ringer's buffer group; and differences from the control diet–kainic acid group. 

For the Morris water maze, trials over each day were averaged, and each day was analyzed 

separately. Escape latency was one dependent measure in the Morris water maze, while on 

the probe trials, number of crossings of and latency to the region of the pool marking the 

exact position and surface area of the previous location of the hidden platform were 

analyzed.

Results

Body weights

An analysis of body weights indicated no significant differences between the groups initially 

(because they were weight-matched) or at the time of surgery. However, 3 days following 

surgery, the control diet–KA rats weighed significantly less (P < 0.05) than the control diet-

R group, and this difference persisted until the day of euthanization 10 days later. Although 

these decreases in body weight were noted in the BB-KA and PX-KA groups post-surgery, 

the decreases were attenuated by the blueberry and piroxicam diets by the time the rats were 

euthanized (P > 0.05).

Cognitive performance

Kainic acid micro-infusions had deleterious effects on all measures of cognitive behavior, 

including latency to find the platform on days 1–3 and the reversal day, as well as 

performance on the probe trials. These deficits were improved by the blueberry diet and, to a 

lesser degree, the piroxicam diet. Interestingly, both the blueberry and piroxicam diets were 

able to improve performance in the rats administered Ringer's buffer on some measures. 

Specifically, rats on the control diet given kainic acid had increased latencies to find the 

hidden platform in the Morris water maze on days 1–3, and on day 4 during reversal 

learning, compared to the Ringer's buffer group (P < 0.05; Fig. 1). These deficits were 

improved by the blueberry diet. Specifically, latencies to find the platform on days 2–4 in the 

BB-KA group were not different than the control diet-R group (P > 0.05), and, on day 4, 

latencies for the BB-KA group were also not different than the BB-R group (Fig. 1B–D). On 

day 2, the piroxicam diet improved performance compared to the control diet (P < 0.05; Fig. 

1B).

Rats on the control diet given kainic acid had increased latencies to cross the previous 

platform location during the probe trials in the Morris water maze on days 3 and 4 (Fig. 

2B,C), but not day 2 (Fig. 2A), compared to the Ringer's buffer group (P < 0.05). These 

deficits were improved by the blueberry diet on day 3 as latencies to cross the platform in 

the BB-KA group were not different from either the BB-R or the control diet-R group (Fig. 
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2B). On day 4, the piroxicam diet improved performance, since latencies for the PX-KA 

group were not different than the control diet-R group (Fig. 2C).

Control diet-KA rats had fewer crossings of the previous platform location during the probe 

trials in the Morris water maze on days 2–4, compared to the Ringer's buffer group (P < 

0.05; Fig. 3). These deficits were improved by the blueberry diet on days 2 and 3 as number 

of crossings in the BB-KA group were not different from the control diet-R group (Fig. 

3A,B), and by the piroxicam diet on day 4 as number of crossings in the PX-KA group were 

not different from the PX-R group (Fig. 3C). The blueberry and piroxicam diets improved 

performance on days 2 (Fig. 3A) and 3 (Fig. 3B), respectively, since number of crossings 

were higher than those of the control diet-R group (P < 0.05).

The control diet-KA rats had decreased swim speeds compared to the control diet-R group 

on days 1, 2 and 4 (P < 0.05), and these decreases in speed were attenuated by the blueberry 

and piroxicam diets on days 2 and 4 (data not shown). However, there were no differences in 

speed between the control diet-R group and the kainic acid-treated diet groups (control diet-

KA, BB-KA, or PX-KA; P > 0.05) on the probe trials on days 2–4.

Inflammatory responses

Kainic acid produced an inflammatory response as shown by increased OX-6 activation in 

the hippocampus in the control diet-KA group compared to the control diet-R group (P < 

0.05; Fig. 4). The blueberry diet reduced this inflammatory response (P < 0.05 from the 

control diet-KA group); however, the response was not returned to control levels (without 

kainic acid). The piroxicam diet had no effect on OX-6 activation.

Kainic acid also significantly increased hippocampal IGF-1, IL-1β, NF-κB, and TNF-α 
mRNA expression compared to rats on the control diet not administered kainic acid (P-

values < 0.05; Fig. 5). Although the blueberry diet did not have a significant effect on IGF-1 

in the group given Ringer's buffer, this diet further increased IGF-1 expression in the kainic 

acid group compared to the control diet-KA group (P < 0.05; Fig. 5A), while the piroxicam 

diet had no effect on IGF-1 mRNA level. Both blueberry and piroxicam diets reduced IL-1β 
(Fig. 5B), NF-κB (Fig. 5C), and TNF-α (Fig. 5D) mRNA expression in the rats given kainic 

acid (P < 0.05 from the control diet-KA group).

Discussion

In this study, administration of an inflammatory stimulus disrupted spatial learning and 

memory in rats injected with kainic acid as observed in: (i) increased latencies to find a 

hidden platform in the Morris water maze, particularly on the probe trials; and (ii) a deficit 

in the ability to learn a new platform location (and forget the old location), compared to 

Ringer's buffer injected rats. These decrements are very similar to those observed in aged 

animals, including an initial deficit in the acquisition of the task,43 difficulty in learning a 

new platform location during reversal training,44 and lack of a spatial preference compared 

to young animals when tested in a probe trial (i.e. less time spent in the training quadrant 

and less platform crossings).43,45 One reason for the similarity in behavior deficits between 

aged and kainic acid-injected rats, as mentioned above, might be an increase in 
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inflammation or susceptibility to inflammatory insults in aging, which may be responsible 

for the induction of cognitive deficits.9–12

Furthermore, these results indicate that blueberry polyphenols have anti-inflammatory 

actions, comparable to or greater than piroxicam, a known anti-inflammatory drug, since 

young rats fed a diet supplemented with a 2% blueberry extract for 2 months, prior to 

injection of an inflammatory stimulus into hippocampus, were significantly less impaired in 

their spatial learning and memory ability. That is, the cognitive performance of rats in the 

BB-KA group was not different from control diet-R rats; however, the blueberry effect was 

not robust enough for performance to also be different from the control diet-KA rats, 

perhaps because of the extensive damage caused by kainic acid. Additionally, rats fed the 

blueberry diet prior to kainic acid injection had less activation of the inflammatory marker 

OX-6 and increased expression in the neuroprotective trophic factor IGF-1. Both blueberry 

and piroxicam were able to reduce expression of the inflammatory cytokines IL-1β and 

TNF-α, and the transcription factor NF-κB. Therefore, one possible mechanism of action of 

the blueberry polyphenols could be reduction of the deleterious effects of an inflam matory 

stimulus by altering the expression of genes associated with inflammation, protecting the 

brain and/or reducing its susceptibility to insults. Of course, there could be other 

mechanisms not tested in this study which could be responsible for the behavioral effects 

observed.

In this respect, it has been known for a number of years that dietary polyphenols can inhibit 

several inflammatory stress markers including arachidonic acid peroxidation,46 

cyclooxygenase (COX) activity,47–49 peroxis ome prolifer ator activated receptors (PPARs), 

nitric oxide, and NF-κB in a variety of models (see Yoon and Baek50 for review). Studies 

also indicate that polyphenols, in a similar manner to that seen with NSAIDs, can increase 

NSAID activated gene-1 (NAG-1).50

Additionally, flavonoids have been found to reduce TNF-α in several in vivo and in vitro 
experiments including T-cells (grape-seed extract),51 keratinocytes (grape-seed extract),52 

blood mononuclear cells (quercetin),53 and lung tissue (perforatum extract).54 Similar 

findings have been observed when TNF-α gene expression was assessed.53,55 As observed 

in the present study, similar down-regulation effects have been observed for TNF-α in the 

kainic acid animals supplemented with blueberries or given piroxicam.

The results in the present study, as well as numerous others, demonstrate that polyphenols 

derived from a number of sources decreased IL-1β activation in oxidative and inflammatory 

stress-mediated studies (e.g. muscadine grape extracts in blood mononuclear cells,56 ellagic 

acid in activated pancreatic stellate cells,57 and epicatechin conjugates in whole blood.58 

However, there do not appear to be, at the writing of this paper, studies of IL-1β gene 

expression in similar paradigms with various fruit extracts. Interestingly, the piroxicam-

induced decreases in IL-1β in the PX-KA group were similar to those seen in the BB-KA 

group.

Kainic acid administration also increased IGF-1 mRNA; however, it appeared that in the 

blueberry-supple mented rats given kainic acid there was a synergistic effect such that there 
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were significantly greater increases compared to those observed in the kainic acid group 

maintained on the control diet. This synergistic effect was not seen in the rats administered 

kainic acid and treated with piroxicam. This finding is important since numerous previous 

experiments have indicated that there are decreases in IGF-1 in inflammation. It is known, 

for example, that patients with rheumatoid arthritis have low serum concentrations of 

IGF-159 and rats given adjuvant-induced arthritis showed significant decreases in circulating 

IGF-1.60 Conversely, IGF-1 has been shown to protect the CNS against oxidative 

stressors.61–64 Moreover, it is also known that levels of IGF-1 mRNA decrease in 

hippocampal neurons of aged rats65 and that levels of IGF-1 and IGF-1 receptor proteins 

decrease in the cerebral cortex of old rats.66 Importantly, the reduced IGF-1 appears to 

contribute to age-related memory disorders.67

Research also indicates that Ames dwarf mice showed increased IGF-1 and growth hormone 

as compared to controls, which led to activation of downstream signals such as Akt and 

CREB (cAMP responsive element-binding protein), both of which are important in learning 

and memory.68 Thus, in the present study, the improved cognitive performance in the BB-

KA group may reflect both direct reductions in kainate-induced oxidative/inflammatory 

stressors as well as synergistic increases in IGF-1, thereby enhancing IGF-1 protection 

against inflammation and possibly directly affecting cognitive function through the increases 

in IGF-1 immunoreactivity (see Sonntag et al.69 and Casadesus et al.18). Note that these 

synergistic effects were not seen in the PX-KA group and there were differential effects of 

the blueberry diet and piroxicam diet on cognitive function. However, it is also possible that 

there were differences in sites of action of blueberry and piroxicam.

In this regard, the positive behavioral effects of the blueberry diet were notable during the 

probe trials primarily on days 2 and 3, while the piroxicam diet showed improved 

performance only on day 4, the reversal day. The kainic acid injections caused impairments 

in probe trial performance that were similar to those seen with aged animals, in that kainic 

acid-injected rats were unable to develop appropriate search strategies due to a decline in the 

ability to process or retain place information.70 While the blueberry diet seemed to improve 

overall spatial preference and search strategies in the kainic acid-injected rats, the piroxicam 

only had beneficial effects on spatial learning on the reversal day. It is known that aged rats 

have difficulty in learning a new platform location during reversal training.44 Because 

blueberries and piroxicam had differential effects on cognition, it is possible that they are 

acting in different brain regions or through different mechanisms to produce their beneficial 

effects. Rats with damage to the dorsal striatum preferentially learn that the relationships 

among the cues in the room predict the location of the platform, and therefore are 

subsequently impaired in learning a new platform location, while rats with damage to the 

hippocampus fail to learn about the platform's location in space and are impaired in learning 

the location of the platform over time.71 It is thought that the hippocampus mediates 

allocentric spatial navigation (i.e. place learning) while the dorsomedial striatum mediates 

egocentric spatial orientation (i.e. response and cue learning) and plays an important role in 

the acquisition of procedural aspects of both place and cue learning.72 In this regard, we 

have shown that whole-body irradiation with 1.5 Gy of 1 GeV/n high-energy 56Fe-particles 

impaired performance in the Morris water maze, and measures of dopamine release, 1 month 

following radiation, and that these deficits were protected by blueberry- and strawberry-
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supplemented diets.73 Interestingly, the strawberry diet offered better protection against 

spatial deficits in the maze because strawberry-fed animals were better able to retain place 

information (a hippocampally-mediated behavior) compared to controls. The blueberry diet, 

on the other hand, seemed to improve reversal learning, a behavior more dependent on intact 

striatal function. These data suggest polyphenols from different fruits might be acting in 

different brain regions or via different mechanisms of action.73 Therefore, if both blueberries 

and piroxicam had been fed to the rats in the same diet, they may have had a synergistic 

effect to improve memory better than either compound alone, particularly hippocampally-

mediated behaviors, especially since, as indicated above, polyphenols (e.g. resveratrol, 

EGCG genistein) and NSAIDs can activate NAG-1 and reduce cytokines.74–76

Interestingly, the blueberry and piroxicam diets were also able to improve performance in 

rats administered Ringer's solution, where presumably vulnerability to oxidative stress and 

inflammation are not enhanced, as it is in the rats given kainic acid. We have seen this 

enhanced effect of the blueberry diet in previous studies.77 We believe that blueberries may 

also have direct effects (i.e. not mediated through oxidative stress or inflammatory 

pathways) on the brain by directly increasing signaling20 as well as neurogenesis,18 and by 

enhancing neuroprotective stress shock proteins,27 while reducing NF-κB.23

Conclusions

It appears that the significant effects of blueberries on cognitive behavior are due to a 

multiplicity of direct and indirect actions, the former involving effects on neuronal 

communication and the latter involving antioxidant and anti-inflammatory activity. We 

found that blueberries can reduce the deleterious effects of kainic acid by altering the 

expression of genes associated with inflammation, thus protecting the brain and/or reducing 

its susceptibility to inflammatory insults. Considering that many of the diseases of aging, 

including Alzheimer's disease, have an inflammatory component, this research suggests that 

it is possible to mitigate the effects of inflammation via dietary means. The next steps in this 

research might be focused on what it is about foods such as blueberries that provided the 

protection that we observed in this study. More extensive research will be required to 

characterize and isolate the chemical composition of the blueberry extract and further assess 

the beneficial effects on function in animals and humans before any conclusions can be 

made. However, based upon the evidence provided in the present paper, as well as that of 

previous research, it might be speculated that the differences observed between blueberry 

and piroxicam treatments in their protective effects against kainic acid on behavior may 

involve differential increases in IGF-1 and reductions in OX-6. The selective reductions in 

OX-6 activation by blueberry-supplementation could have protected against over-activation 

of the microglia and maintained their ability to protect against kainate-induced hippocampal 

cell loss. It has been shown, for example, that activated microglia over-expressing IL-1 are 

readily detectable in the brains of Alzheimer's disease patients.78 Furthermore, highly 

activated microglia, not astrocytes, have been found in the substantia nigra of Parkinson's 

disease brains.79 Additionally, Duffy and colleagues80 observed, via stereological analyses, 

that rats receiving excitotoxic kainic acid injections exhibited loss of CA1 neurons, and this 

cell loss was attenuated by a blueberry-enriched diet. Finally, it is possible that although 

piroxicam and blueberry-supplementation had similar effects on cytokines and NF-κB, there 

Shukitt-Hale et al. Page 10

Nutr Neurosci. Author manuscript; available in PMC 2016 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may have been differential modification of additional downstream inflammatory markers 

(e.g. NAG-1, COX-1). In this regard, we are presently investigating the effects of blueberry 

and other fruit supplementations on these additional inflammatory markers in both cell and 

animal experiments.
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Figure 1. 
Mean escape latencies (s; mean ± SEM) to find the hidden platform in the Morris water 

maze for (A) day 1 (trials 1–6), (B,C) days 2–3 (trials 1–5), and (D) for reversal testing on 

day 4 (trials 2–5) for Ringer's buffer or kainic acid injected rats fed the control, blueberry or 

piroxicam diet for 8 weeks prior to micro-infusion. Significant group effects were seen for 

day 1 [F(5,55) = 11.79, P < 0.001], day 2 [F(5,55) = 9.93, P < 0.001], day 3 [F(5,55) = 8.00, 

P < 0.001], and day 4 [F(5,55) = 5.57, P < 0.001]. Post-hoc testing revealed a significant 

difference (aP < 0.05) between the kainic acid injected and the matched diet Ringer's group, 

and a significant difference (bP < 0.05) from the control diet-Ringer's group
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Figure 2. 
Mean latency to cross (s; mean ± SEM) the previous location of the hidden platform for the 

first time during the probe trials on testing days 2–4 (A, B, and C, respectively) in the Morris 

water maze for Ringer's solution or kainic acid injected rats fed the control, blueberry or 

piroxicam diet for 8 weeks prior to micro-infusion. Significant group effects were seen for 

day 2 [F(5,55) = 4.21, P < 0.01], day 3 [F(5,55) = 5.04, P < 0.01], and day 4 [F(5,55) = 4.25, 

P < 0.01]. Post-hoc testing revealed a significant difference (aP < 0.05) between the kainic 

acid injected and the matched diet Ringer's group, and a significant difference (bP < 0.05) 

from the control diet-Ringer's group
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Figure 3. 
Mean number of crossings of the previous location (mean ± SEM) of the hidden platform 

during the probe trials on testing days 2–4 (A, B, and C, respectively) in the Morris water 

maze for Ringer's or kainic acid injected rats fed the control, blueberry or piroxicam diet for 

8 weeks prior to micro-infusion. Significant group effects were seen for day 2 [F(5,55) = 

9.52, P < 0.001], day 3 [F(5,55) = 6.90, P < 0.001], and day 4 [F(5,55) = 3.81, P < 0.01]. 

Post-hoc testing revealed a significant difference (aP < 0.05) between the kainic acid injected 

and the matched diet Ringer's group, and a significant difference (bP < 0.05) from the 

control diet-Ringer's group
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Figure 4. 
Level of OX-6 activation in the hippocampus (mean ± SEM) for Ringer's or kainic acid 

injected rats fed the control, blueberry or piroxicam diet for 8 weeks prior to micro-infusion. 

A significant group effect was seen [F(5,24) = 37.82, P < 0.001] and post-hoc testing 

showed a significant difference (aP < 0.05) between the kainic acid injected and the matched 

diet Ringer's group, a significant difference (bP < 0.05) from the control diet-Ringer's group, 

and a significant difference (cP < 0.05) from the control diet-kainic acid group
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Figure 5. 
Level of (A) IGF-1, (B) IL-1β, (C) NF-κB and (D) TNF-α activation in the hippocampus 

(mean ± SEM) for Ringer's or kainic acid injected rats fed the control, blueberry or 

piroxicam diet for 8 weeks prior to micro-infusion. A significant group effect was seen for 

IGF-1 [F(5,21) = 9.57, P < 0.001], IL-1β [F(5,21) = 13.24, P < 0.001], NF-κB [F(5,21) = 

11.60, P < 0.001], and TNF-α [F(5,21) = 34.81, P < 0.001]. Post-hoc testing showed a 

significant difference (aP < 0.05) between the kainic acid injected and the matched diet 

Ringer's group, a significant difference (bP < 0.05) from the control diet-Ringer's group, and 

a significant difference (cP < 0.05) from the control diet-kainic acid group
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