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Abstract

Aging is associated with impaired learning and memory accompanied by reductions in adult 

hippocampal neurogenesis and brain expression of neurotrophic factors among other processes. 

Epigallocatechin-3-gallate (EGCG, a green tea catechin), β-alanine (β-ala, the precursor of 

carnosine), and exercise have independently been shown to be neuroprotective and to reduce 

inflammation and oxidative stress in the central nervous system. We hypothesized that EGCG, β-

ala supplementation or exercise alone would improve learning and memory and increase 

neurogenesis in aged mice, and the combined intervention would be better than either treatment 

alone. Male Balb/cByJ mice (19 mo) were given AIN-93M diet with or without EGCG (182 

mg/kg/d) and β-ala (417 mg/kg/d). Half of the mice were given access to a running wheel (VWR). 

The first 10 days, animals received 50 mg/kg bromodeoxyuridine (BrdU) daily. After 28 days, 

learning and memory was assessed by Morris water maze (MWM) and contextual fear 

conditioning (CFC). Brains were collected for immunohistochemical detection of BrdU and 

quantitative mRNA expression in the hippocampus. VWR increased the number of BrdU cells in 

the dentate gyrus, increased expression of brain-derived neurotrophic factor, decreased expression 

of the inflammatory cytokine interleukin-1β, and improved performance in the MWM and CFC 

tests. The dietary intervention reduced brain oxidative stress as measured by 4-hydroxynonenal in 

the cerebellum, but had no effect on BrdU labeling or behavioral performance. These results 
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suggest that exercise, but not a diet containing EGCG and β-ala, exhibit pro-cognitive effects in 

aged mice when given at these doses in this relatively short time frame.
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1. Introduction

The percentage of the population 60 years of age and older is rapidly growing worldwide [1]

(United Nations 2012) and therefore, research investigating therapeutic interventions to 

combat aging-related pathological changes in the brain has garnered high interest [2-4]. 

Deterioration of brain function is a consequence of normal aging leading to cognitive 

impairments that are independent of disease [5-7]. In particular, the functional integrity of 

the hippocampus is vulnerable to the aging process impacting learning and memory in 

various animal models and in humans [8-11]. During aging, pathological changes in the 

brain include increased production of pro-inflammatory cytokines and higher levels of 

oxidative stress that, in turn, can precipitate a decrease in adult hippocampal neurogenesis 

and decline in learning and memory. Down regulation of neurotrophic factors, most notably 

brain-derived neurotrophic factor (BDNF), has been linked to cognitive decline and the age-

related decrease in neurogenesis [12-16]. BDNF plays a critical role in synaptic plasticity, 

learning and memory [17] and promotes hippocampal neuron survival and differentiation 

[18-20]. The complex interaction of increased pro-inflammatory cytokines, increased 

oxidative stress, decreased neurotrophin expression and decreased neurogenesis promotes a 

microenvironment conducive to age-related cognitive decline.

Green tea, a polyphenol-rich beverage has drawn much attention due to its health benefits in 

cardiovascular disease, diabetes, inflammatory diseases, and its prevention and treatment of 

cancer [21]. Green tea is rich in flavonoids and contains many catechins, including (-)-

epigallocatechin-3-gallate (EGCG), which is the most abundant (∼60%) catechin in green 

tea [22]. Green tea consumption is related to lower prevalence of cognitive impairment in 

aged humans [23] and, in animals, tea catechins increase adult neurogenesis perhaps by 

reducing neuroinflammation [24-27]. EGCG reduces microglia activation [24, 28], oxidative 

stress [29, 30], and inflammation [31]. Based on these observations, catechins from green 

tea are thought to act as a general neuroprotective factor helping to prevent 

neurodegenerative diseases [29].

β-alanine (β-ala) is the β form of the amino acid alanine and is a precursor molecule for 

carnosine [32]. β-ala supplementation and subsequent increases in muscle carnosine have 

been shown to improve muscle function and decrease fatigue in high intensity exercise [33]. 

β-ala is used as a dietary supplement by athletes for this reason. Less is known about the 

effect of β-ala on learning or memory. A recent study demonstrated an increase in β-ala in 

the hippocampus of rats at 5 minutes and 6 hours after a Morris water maze probe trial [34], 

a finding the authors speculate may indicate a role for β-ala in retrieval of spatial memory. β-

ala is thought to act as a neurotransmitter in the hippocampus, is a structural intermediate 

between established amino acid neurotransmitters glycine and γ-aminobutyric acid (GABA), 
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and is recognized by multiple receptors in the central nervous system (CNS) [32]. However, 

the exact role of β-ala in the CNS is not presently clear. L-carnosine, a dipeptide of β-ala and 

L-histidine, has been studied for its effects on cognition. L-carnosine supplementation 

improved cognitive flexibility and efficiency as well as reaction time in schizophrenic 

patients [35]. It is hypothesized that the CNS effects of L-carnosine supplementation are 

mediated, at least in part, by its potent anti-oxidant effects [36, 37]; a theory supported by 

the protective role of carnosine against cerebral ischemia in animal models [38, 39]. 

However, as with β-ala, the functional role of L-carnosine in the CNS remains poorly 

defined.

In contrast, a large body of literature has established that regular exercise increases adult 

neurogenesis in the hippocampus of mice, and this increase has been related to improved 

spatial memory in the Morris water maze [40, 41], radial arm maze [42], and y-maze [43]. 

Our group has shown that adult hippocampal neurogenesis is required for exercise-induced 

improvements in spatial memory, as irradiation-induced reduction in neurogenesis was 

sufficient to eliminate the positive wheel running effect on performance in the Morris water 

maze [44]. BDNF is thought to play a major role in the increase in neurogenesis and 

learning/memory as a result of physical exercise [45, 46]. Inhibition of the exercise-induced 

increase in BDNF action in mice abrogates the exercise-related improvements in spatial 

memory [47]. Importantly, our recent study in older adults demonstrated an exercise 

training-induced increase in circulating BDNF concomitant with increases in hippocampal 

volume and performance on memory tasks [48].

Despite the number of studies that have demonstrated that exercise and dietary 

supplementation with EGCG or β-ala are beneficial for preventing or recovering age-related 

deficits individually, no research has been conducted that investigates whether additive or 

synergistic effects between dietary supplementation with EGCG, β-ala and exercise exist for 

enhancing age-related cognitive loss and reducing oxidative stress and inflammation in the 

aged brain. Moreover, most studies have utilized long-term (e.g. 6-7 months) administration 

[49-53] of catechins as a means of preventing age-related cognitive loss. It is unclear 

whether cognitive loss and age-related hippocampal changes can be reversed with short-

term supplementation with or without exercise. We hypothesized that exercise supplemented 

with dietary EGCG and β-ala would reduce neuroinflammation, increase the formation of 

new cells in the dentate gyrus of the hippocampus and improve performance in tests of 

spatial learning and memory when compared to each treatment (e.g. exercise or EGCG/p-

ala) individually and that all interventions would significantly improve all outcomes relative 

to untreated aged mice.

2. Methods

2.1 Animals

For all studies, aged (19 month old) male BALB/cByJ mice were utilized. Retired breeder 

mice (8-10 months old) were purchased from Jackson Labs (Bar Harbor, ME) and aged in 

our facility. Upon arrival at our facility, all mice were fed 8640 Teklad 22/5 rodent diet 

(Harlan Teklad, Indianapolis, IN) and autoclaved water ad libitum. Mice were individually 

housed in polypropylene cages under a reverse 12-h-light/-dark cycle at 24°C. All 
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procedures were approved by the University of Illinois Institutional Animal Care and Use 

Committee.

2.2 Diets containing EGCG and β-ala

At the start of the intervention (e.g. 18-19 mos. old), mice received either a control diet 

(AIN-93M, Research Diets, New Brunswick, NJ) or an experimental diet containing 1.5 mg 

Teavigo (90% EGCG, DSM Nutritional Products, Basel, Switzerland) and 3.43 mg β-ala 

(NutraBio, Middlesex, NJ) per g of AIN-93M diet. The experimental diet was mixed by 

Research Diets (New Brunswick, NJ). A sample of each diet was assayed independently by 

Covance, Inc. (Princeton, NJ), and found to contain 99.3% and 97.4% of expected EGCG 

and β-ala contents, respectively. The compounds were stable in the diet for at least 4 months. 

The control diet was found to be free of both EGCG and β-ala. Dietary components are 

listed in Table 1. Based upon the amount of diet disappearance and mouse body weights, we 

estimated that mice ingested on average 182 mg/kg/day and 417 mg/kg/day, of EGCG and 

β-ala, respectively. The rationale for the EGCG dosage was based on previous studies 

demonstrating beneficial effects of EGCG on cognition in mice [51, 52]. As there are few 

studies examining the effects of β-ala supplementation on cognition or muscle function in 

mice, our β-ala dosage was calculated from the effective dose in aged humans of 2.4 g/d that 

led to improved physical work capacity [54]. For a 70 kg person, this would equate to 34 

mg/kg/d. The dose was adjusted for species using the FDA-recommended conversion factor 

of 12.3 [55] resulting in a target dose of 418 mg/kg/d.

2.3 Voluntary Wheel Running (VWR)

VWR mice were housed in cages with access to a running wheel (Respironics, Bend, OR). 

Sedentary (SED) mice were housed without a running wheel in standard shoebox cages. 

Wheel distance was continuously monitored and recorded every hour by a computerized 

system (VitalView software, Respironics, Bend, OR) and analyzed as wheel distance per 24 

hour period. Mice remained in wheel or shoebox cages throughout the duration of the study, 

including during the behavioral testing period. Mice were euthanized prior to the onset of 

the dark cycle on the final day of the study, thus they had remained sedentary (i.e. without 

significant wheel activity) for ∼11 hours prior to tissue collection to control for any acute 

effects of wheel running.

2.4 Study Design

Mice were provided AIN-93M diet or the experimental diet containing EGCG and β-ala for 

28 days prior to and during an 11 day test period for spatial learning and memory (Figure 1). 

Food and water disappearance and body weight were measured twice-weekly during the 

study. Bromodeoxyuridine (BrdU) was injected at a dose of 50 mg/kg i.p. for 10 consecutive 

days at the start of the experiment to label proliferating cells. After 28 days, the Morris 

water maze was used to determine hippocampal-dependent learning and memory over a 7 

day period. Muscle function and coordination testing including grip strength, endurance 

treadmill run and rotarod was performed in all mice on days 8 and 9 and will be reported in 

another publication. Mice then underwent the hippocampal-dependent contextual fear 

conditioning task on days 38-39 (Figure 1). All behavior testing occurred during the dark 
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phase of the light/dark cycle. Animals were euthanized by CO2 asphyxiation 24 hours after 

the final test on day 41.

2.5 Morris Water Maze (MWM)

Mice were handled daily for 7 days prior to assessment of learning and memory to habituate 

them to being manipulated during the testing period. In this test the animals use distinctive 

visuospatial cues surrounding the pool to navigate a direct path to the hidden platform 

[56-58]. A circular pool (100 cm diameter, 23-26°C) with a round platform (10 cm 

diameter) hidden 0.5 cm below the surface of opaque water was positioned in one of the four 

quadrants. The platform remained in the same quadrant during the 5 day acquisition testing. 

Trials were conducted using a pseudorandom protocol in which mice were placed in the 

water in one of the three quadrants not containing the platform. Animals were placed in the 

water and allowed to swim freely for 60 s or until the platform was reached. If mice did not 

locate the platform in 60 s, they were guided to the platform and allowed to remain on it for 

20 s. Animals were removed from the pool and returned to their home cage for 10 s before 

repeating the trial. After completion of four consecutive trials, mice were placed in their 

home cage under a heat lamp until dry. On day 5, the platform was removed and mice 

received a 60 s probe trial to assess memory for the platform location. On the sixth day, 

mice were subjected to two days of reversal testing in which the hidden platform was moved 

to the opposite quadrant of the pool, but all the distal visual cues remained constant. 

Reversal learning measures how quickly an animal is able to extinguish memory of the 

initial position of the platform and learn the new location. After the last mouse completed 

reversal testing, the platform was removed and mice received a 60 s reversal probe trial to 

assess learning of the platforms new location. A video camera mounted to the ceiling 

directly above the center of the maze was used in conjunction with a computerized animal 

tracking system (EthoVision; Noldus Information Technologies, Netherlands) to calculate 

swim speed (cm/s), latency to platform (s), and distance swam (pathlength to platform) 

(cm).

2.6 Contextual Fear Conditioning (CFC)

Mice were individually placed into a square chamber (32 cm L × 28 cm W × 30 cm H, dark 

grey walls) with a metal bar grid floor connected to a shock scrambler controlled by a digital 

timer (Med Associates, St. Albans, VT, USA). On the first day, mice were placed into the 

chamber and allowed to acclimate for two minutes. After the acclimation period, the mice 

were presented with a tone for 20 seconds. During the last two seconds of the tone, a 0.75 

mA shock was delivered to the feet. The same tone and shock delivery pattern was repeated 

60 seconds later (at 200 seconds). The mouse remained in the chamber for an additional 30 

seconds before being returned to their home cage. On the second day, mice were tested for 

freezing (immobility) in either the original or novel contexts. The novel context was an 

octagon shaped chamber with white and black striped walls and a smooth floor. The 

presentation of the contexts was counterbalanced with half of the mice being first placed in 

the novel context and then the original context or vice versa. When placed in the original 

context, square box with the grid floor, mice remained in the chamber for a total of 250 

seconds in absence of tone or shock. When placed in the novel context for 250 seconds, 

mice were presented a tone at 120 and 200 seconds. There was no shock delivered in either 
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context during the testing phase. Freezing and distance traveled was recorded by TopScan 

video tracking software (CleverSystems, Reston, VA, USA). Freezing is the total number of 

seconds when the animal's center of mass did not register horizontal movement (< 1 mm). 

Freezing data were converted into percent time spent freezing by dividing the total number 

of seconds a mouse spent freezing by the total number of seconds of testing (250 seconds) 

multiplied by 100. Dependent variables are distance traveled (cm) and percent time frozen.

2.7 Tissue Collection

Mice were euthanized by CO2 asphyxiation then intra-cardially perfused with saline. Brains 

were removed and longitudinally cut into hemispheric sections. One half of the brain was 

dedicated to immunohistochemistry and was immediately placed in 4% paraformaldehyde to 

fix overnight. The other half was dedicated to dissection of brain regions (hippocampus and 

cerebellum) before snap frozen in liquid nitrogen and stored at -80°C until processing.

2.8 Immunohistochemistry

After overnight fixation in 4% paraformaldehyde, the tissue was transferred into 30% 

sucrose solution. Brains were sectioned at 40 μm using a cryostat. A one-in-six series was 

stained for bromodeoxyuridine (BrdU) to identify newly divided cells. 

Immunohistochemistry was performed according to Kohman et al. [59] using rat anti-BrdU 

(1:100; AbD Serotec, Raleigh, NC) as the primary antibody and biotinylated goat anti-rat 

(1:250; Vector Laboratories, Burlingame, CA) as the secondary antibody. After incubation 

in the secondary antibody, sections were then treated with the avidin/biotinylated enzyme 

complex ABC system (Vector, Burlingame, CA) and stained using a diaminobenzidine kit 

(DAB; Sigma, St. Louis, MO).

2.9 BrdU positive cell identification

Estimates of total number of BrdU positive cell counts have been previously described [59]. 

Briefly, the entire granule layer (bilateral) of the dentate gyrus was outlined, and BrdU 

positive nuclei were automatically counted by a validated fixed threshold to remove the 

background for each image. The fraction of cells predicted to cross the boundary were 

removed to produce unbiased estimates.

2.10 Hippocampal Gene Expression

Total RNA from homogenized hippocampal tissue was isolated using the Tri Reagent 

protocol (Sigma, St. Louis, MO, USA). Synthesis of cDNA was performed using a High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). A 

custom Taqman® Low Density Array (TLDA) card (Applied Biosystems, Foster City, CA, 

USA) was designed for use with hippocampal cDNA, which contained reference genes (18S 

rRNA and glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) and genes of interest 

(Table 2). Plates were loaded with cDNA, converted from 1000 ng of total RNA, mixed 

with an equal volume of Taqman® Universal PCR Master Mix (2×). Amplification was run 

according to the manufacturer's instructions on a Prism 7900HT Fast Real-Time PCR 

System (Applied Biosystems, Foster City, CA, USA). Data analysis was conducted using 

RQ Manager (Applied Biosystems, Foster City, CA, USA). Data was analyzed using the 
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comparative threshold cycle (Ct) method [60] and results are expressed as relative change 

fold to the standardized relative quantification (RQ) baseline (RQ =1). Control-sedentary 

(Con-SED) was set as the calibrator/control group. A value higher than “1” would represent 

a fold increase in mRNA expression relative to control for a particular gene, while a value 

between “0” and “1” would represent a fold decrease in mRNA expression relative to 

control.

2.11 Oxidative Stress

4-hydroxynonenal (4-HNE) was analyzed in cerebellar extracts by enzyme-linked 

immunosorbant assay (OxiSelect HNE Adduct ELISA Kit, Cell Biolabs, San Diego, CA) 

according to manufacturer's instructions. Briefly, cerebellums were homogenized in sterile 

PBS supplemented with 5 μl of protease inhibitor cocktail (P8340, Sigma-Aldrich, St. Louis, 

MO). Samples were assayed for protein content by DC Protein Assay (Bio-Rad, Hercules, 

CA) and diluted to 10 μg total protein∙ml-1 in PBS for use in the kit then immediately used 

for 4-HNE assays. All samples were run in duplicate.

2.12 Statistics

Descriptive (Table 3) and MWM acquisition data were analyzed by 2-way (exercise × diet) 

ANOVA with repeated-measures. CFC, hippocampal gene expression, neurogenesis and 4-

HNE data were analyzed by ANOVA using a 2 × 2 arrangement of treatments. MWM probe 

and reversal trials were analyzed using chi square analyses. Appropriatepost-hoc analyses 

were used in the event of a significant interaction or main effect of exercise or diet. 

Significance was set at p < 0.05. Statistical analyses were performed using SPSS software 

version 22 (IBM Corp., Armonk, NY). All values are means ± sem with an n=8-15/

treatment combination dependent on the variable.

3. Results

3.1 Descriptive Data

At the initiation of the diet and exercise intervention, body weight between treatment groups 

was not different (Table 3). As expected, VWR resulted in a significant (F1,52=37; p<0.001 

for time × VWR) reduction in body weight. There was no effect of the diet on body weight 

over time. Food disappearance was not significantly different between groups. Water 

disappearance was significantly (F1,52=6.0; p=0.02) increased (∼15%) in response to 

consumption of a diet containing EGCG and β-ala when compared to the control diet. There 

were no significant treatment-induced differences in spleen or adrenal weights. Mice in the 

VWR group ran ∼4.6 km/day and there were no differences between those on control or 

EGCG/β-ala supplemented diets (Table 3).

3.2 Morris Water Maze

Analysis of path length to the hidden platform revealed that all of the mice acquired the task 

as path length decreased across the five days of testing (F4,208 = 34.3, p<0.001; Figure 2a). 

There was a significant VWR × day interaction (F4,208 = 3.0, p=0.02) in latency (e.g. time to 

reach hidden platform) as VWR mice found the platform quicker on days 3-5 of testing 

(Figure 2b). The decrease in latency over the 5 day period corresponded to significantly 
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(F4,208 = 5.6, p<0.001, for time × VWR) faster swim speeds in the VWR mice at Days 3-5 

of testing (Figure 2c). There was no effect of VWR on path length, and no effect of any 

experimental diet on path length, latency or swim speed relative to sedentary mice on the 

control diet.

On Day 5 of training, the platform was removed for a 60 s probe test 1 h after the last trial to 

test recall. Analysis of time spent in the target zone did not reveal any significant main 

effects (data not shown). However, the number of platform location crossings was greater 

(F1,52 = 9.3, p=0.004) in the VWR mice (Figure 3a).

To assess spatial working memory, the hidden platform was moved to the opposite quadrant 

for two days of reversal training (e.g. days 34 & 35, Figure 1). Animals must be able to 

incorporate new information (i.e. new platform location) with existing memories (spatial 

locations of visual cues) in order to complete this task. Two days of reversal training did not 

reveal any significant main effects for diet or VWR (or their interaction) in path length or 

latency, despite faster swim speeds for VWR (data not shown).

A 60 s probe test was performed on Day 7 of testing after two days of reversal testing 1 h 

after the last reversal test. As was the case for the Day 5 probe test, we found a significant 

(F1,52 = 5.1, p=0.03) main effect for VWR for the number of platform location crossings 

(Figure 3b). The experimental diet containing EGCG and β-ala was without effect.

3.3 Contextual Fear Conditioning

As expected, animals subjected to shock during training (day 38, Figure 1) demonstrated a 

significant (F1,48=16.8, p<0.001) increase in freezing time during the subsequent exposure 

to the original context compared to those that did not receive a shock (data not shown). 

Analysis of treatment differences in shocked mice revealed that mice in the VWR groups 

exhibited significantly (F1,48=8.1, p=0.007) elevated freezing behavior (Figure 4a). There 

was no effect of diet. In the novel context test on Day 11 of testing, VWR mice displayed a 

significantly (F1,38=4.9, p=0.03) elevated freezing behavior in the absence of a tone (Figure 

4b). Freezing behavior was elevated in response to the tone compared to pre-tone values, but 

there were no effect of exercise or diet. In the post-tone period, VWR again exhibited 

significantly (F1,38=5.1, p=0.03) higher freezing when compared to sedentary mice. Again, 

there was no effect of a diet supplemented with EGCG and β-ala.

3.4 Hippocampal Cell Proliferation

Analysis of BrdU+ cells in the hippocampal granular cell layer revealed that while the 

experimental diet had no effect (F1,50=0.01, p=0.91), VWR significantly (F1,50=16.2, 

p=0.001) increased (about 2-fold) the total number of BrdU+ cells (Figure 5).

3.5 Hippocampal Gene Expression

The expression of mRNA for a number of neurotrophins, cytokines and chemokines known 

to be either related to learning/memory, neurogenesis or age-related dysfunction (Table 4) 

was measured. With respect to neurotrophins, VWR significantly (F1,36=7.1; p=0.01) 

increased hippocampal Bdnf gene expression. There was no diet or VWR effect on 
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hippocampal Igf1, Ngf, Vegfa or Tgfb1gene expression. VWR significantly reduced 

hippocampal expression of two cytokines, Il1β (F1,35=6.8; p=0.01) and Itgam/CD11b 

(F1,37=12.4; p=0.001), while the experimental diet tended (F1,38=3.2; p=0.08) to reduce Tnf. 

Il6 mRNA was unchanged in response to any treatment. Of the chemokines, the EGCG/β-ala 

reduced Cx3Cl1 (F1,38=4.1; p=0.05), however there were no treatment effects or interactions 

for Ccl2 or Cxcl12 expression.

3.6 Oxidative Stress in the Brain

4-HNE was measured as a marker for oxidative stress in the cerebellum. Interestingly, diet 

containing EGCG and β-ala, but not VWR, significantly (F1,35=7.5, p=0.01 for diet main 

effect) reduced oxidative stress (Figure 6).

4. Discussion

We hypothesized that a 4 week administration of a diet containing EGCG and β-ala would 

lead to additive or synergistic improvements in learning and memory when combined with 

exercise in aged mice. Thus, our goal was to improve age-related cognitive decline in old 

mice using exercise and targeted dietary supplementation. The rationale for this hypothesis 

was based upon findings that similar duration interventions of either VWR or EGCG 

administration have been found to improve learning and memory either in normal aging or 

in models of cognitive loss in rodents. For example, van Praag et al [61] found that 35 days 

of VWR (∼3.9km/d) significantly improved MWM performance and hippocampal 

neurogenesis in 19 month old male C57Bl/6 mice. Moreover, EGCG administered i.p. at a 

dose of 100 mg/kg/d decreased the impairment in learning and memory in spontaneously 

hypertensive rats [62]. β-ala was included because it has been shown to improve muscle 

function and decrease fatigue [33] and thus might indirectly (via increasing exercise 

capacity) improve cognition. In addition, a more direct role for β-ala has been suggested in 

the retrieval of spatial memory because hippocampal β-ala increases after a MWM probe 

trial [34].

Our results clearly support a role for exercise in improving age-related reductions in 

behavioral performance in a one month time frame. We found that VWR mice swam faster 

in the water maze and therefore were able to get to the hidden platform faster. However, it is 

not certain that VWR aged mice in our study displayed better spatial abilities on the water 

maze, as the path length to the platform was similar to sedentary animals (Figure 2a). 

Although the greater number of crossings through the platform could be interpreted as better 

spatial memory (Figure 3a and b), it also is consistent with faster swimming. It is notable 

that C57BL/6J do not behave this way [61]. More work with BALB/cByJ using other 

measures of spatial learning such as the Barnes maze, radial-arm maze, T-maze will be 

necessary to confirm spatial cognition benefits from exercise in BALB/cByJ. Pro-cognitive 

effects of exercise were much clearer in contextual and cued fear conditioning. VWR mice 

exhibited elevated behavioral freezing in the original context test of the CFC (Figure 4a) and 

in a novel context (Figure 4b). These findings support a growing literature demonstrating 

that either long-term (e.g. months) or short-term (e.g. weeks) exercise can improve 

associative learning in adult and aged animals [63].
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The pro-cognitive effects of exercise are likely mediated by a complex microenvironment 

that includes increased hippocampal neurogenesis, increased BDNF, IGF-1, FGF-2, EGF, 

increased vasculature, glial status, inflammation, neurotransmitter levels, energy 

metabolism, biochemistry, among many other factors [64]. Consistent with this, VWR mice 

in our study exhibited significantly higher hippocampal BDNF mRNA expression (Table 4) 

and BrdU+ cell number in the granular layer of the dentate gyrus (Figure 5). VWR also led 

to a reduction in hippocampal IL-1β (a powerful pro-inflammatory cytokine) and ITGAM 

(CD11b, a microglial inflammatory marker) mRNA expression (Table 4) indicating an anti-

inflammatory effect. In this study, we measured a number or pro-inflammatory cytokines 

and chemokines because aging is associated with a chronic inflammatory state (e.g. 

‘inflammaging’) [65] and exercise and EGCG have documented anti-inflammatory effects 

[66, 67]. In the context of the brain, IL-1β expression down-regulates BDNF in the 

hippocampus causing learning and memory disturbances and exercise appears able to 

counteract these negative effects of inflammation [68].

Our results do not support a role for short-term (e.g. 4wk) feeding of EGCG and β-ala with 

or without exercise as a means of improving age-related cognitive loss. However, we do not 

want to suggest that these two nutrients would have no effect on cognition if administered 

over longer durations, at different doses, levels of bioavailability, or as a preventative 

strategy starting at an earlier age. We observed no independent or additive/synergistic 

effects of the EGCG/β-ala diet on performance in the MWM (Figures 2-3) or CFC (Figure 

4) tests. We also found no effect of the experimental diet on hippocampal BDNF mRNA (or 

other neurotrophins), inflammatory cytokines or chemokines (Table 4), or number of BrdU 

cells as marker for hippocampal cell proliferation (Figure 5). Taken together, these findings 

provide strong evidence of a lack of effect of EGCG and β-ala given over the course of a 4 

week period on age-related behavioral learning or hippocampal cell proliferation in mice. 

Interestingly, the diet was effective at reducing 4-HNE (a by-product of lipid peroxidation) 

in the cerebellum (Figure 6), but there was no diet × exercise interaction. EGCG has been 

reported to have direct anti-oxidant properties as strong radical scavengers and metal 

chelators in vitro and indirect anti-oxidant properties by inducing antioxidant enzymes 

(perhaps by acting as a low level oxidant) such as superoxide dismutase, catalase, and 

enzymes related to glutathione metabolism in both animal models and humans [69]. While 

we did not see any treatment-induced changes in gene expression for superoxide dismutase 2 

(SOD2; mitochondrial manganese SOD) in the hippocampus (data not shown), we did not 

assess other endogenous antioxidant genes or their activity. While there is some controversy 

as to whether β-ala acts as an anti-oxidant, carnosine (which increases in tissues after β-ala 

supplementation) scavenges both reactive oxygen and nitrogen species [70]. These 

properties could explain the reduction seen in 4-HNE in this study.

We can offer several possible explanations as to why the diet containing EGCG and β-ala 

failed to improve existing age-related cognitive deficits as hypothesized. First, our dosages 

of EGCG and β-ala may have been too low. Our strategy for dosing was to administer a high 

oral dose, but with enough of a safety factor that adverse effects would not be exhibited. It 

has been demonstrated that high oral doses of EGCG >500 mg/kg/d cause hepatotoxicity 

and mortality [69] and doses >1000 mg/kg/d increase ex vivo pro-inflammatory cytokine 
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production [71] in mice. Moreover, high (>800 mg) oral doses of β-ala can cause paresthesia 

in humans [72] and doses >∼5000 mg/kg/day can cause taurine depletion in rodents [73]. 

We chose our dosages of EGCG and β-ala based upon prior published studies in rodents and 

humans that have documented beneficial effects on brain and muscle function [51, 52, 74]. 

For example, Li et al [52] found that 6 months of 160 mg/kg/d of green tea catechins could 

prevent age-related spatial learning and memory decline in C57BL/6 mice. As such, mice in 

our study consumed on average 182.4 mg/kg/d of EGCG and 417 mg/kg/d of β-ala. For 

EGCG, the human dose-equivalent for a 70 kg person would be about 60-70 cups of green 

tea/d (150-180 mg of EGCG per cup of green tea); a dose that could be achievable in people 

taking EGCG supplements. We feel that our dosages were high enough to see an effect if 

one existed and low enough to be confident that detrimental side effects did not occur.

We observed no signs or symptoms of illness or altered behavior in our EGCG/β-ala-treated 

mice. There were no significant differences in food disappearance, body or spleen weight, or 

running distance between the experimental and control diet groups (Table 3). The treated 

animals also displayed no observable behavioral sickness phenotype (e.g. ruffled fur, 

hunched posture, lethargy) and no difference in swim velocity on the MWM when compared 

to control-fed mice. Interestingly, water disappearance was statistically greater (∼15%) in 

the EGCG/β-ala-treated mice compared to controls (Table 3). To our knowledge, this 

phenomena has not been reported in the EGCG or β-ala literature. In fact, higher dose 3% β-

ala intake in drinking water has been reported to reduce fluid and sodium excretion and 

reduce fluid intake [75]. Lastly, it could be that the length of our feeding regimen was too 

short to cause beneficial changes in behavioral learning in these aged mice. Indeed, Li et al 

[52] demonstrated that long-term (6 months from 14-20 months of age) feeding (in drinking 

water) of green tea catechins dose-dependently prevented age-related loss of spatial learning 

by increasing CREB phosphorylation and BDNF and Bcl-2 expression in C57BL/6J mice. 

Their high dose corresponded to ∼160 mg/kg/d which was similar to our dosage (182 

mg/kg/d). It was encouraging in our study that the experimental diet reduced oxidative stress 

in the brain suggesting that a longer period of oxidative protection may be needed to affect 

learning, memory and hippocampal neurogenesis. Future studies should examine the effect 

of long-term EGCG supplementation with exercise to determine if there is an additive or 

synergistic effect on prevention of memory loss; clearly in our study this short-term regimen 

was unable to alter age-related cognitive loss.

Studies on the bioavailability of green tea catechins like EGCG yield different results. 

Catechins are conjugated in enterocytes and methylated, sulfated and glucuronidated in the 

liver [76]. Fractions of catechins not absorbed in the small intestine are acted upon by the 

gut microbiota forming smaller molecules [77]. Nonetheless, a fraction of ingested catechins 

do reach the systemic circulation in humans [78] and mice [79]. Access of catechins to the 

brain is also a matter of debate. One in vivo study demonstrated that, while flavonols or their 

metabolites appear in the circulation, they do not cross the blood brain barrier [80]. This is 

in contrast to in vitro experiments demonstrating that such molecules can cross endothelial 

cell barriers [81] and to a study in rats that found that low levels of EGCG and its 

metabolites could be detected in several brain regions following oral administration of 100 
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mg/kg of EGCG. β-ala is much more bioavailable and ingestion has been robustly found to 

increase β-ala and, importantly, carnosine in muscle and brain [73, 82].

5. Conclusions

In conclusion, we have demonstrated that 4 weeks of voluntary wheel running, but not a diet 

containing EGCG and β-ala enhanced associative memory, increased hippocampal cell 

proliferation and BDNF expression while reducing inflammation in aged Balb/cByJ mice. 

Future research is needed to examine whether the dosages of EGCG and β-ala were 

sufficient to increase brain EGCG and/or carnosine levels. Likewise, the impact of long-

term feeding in conjunction with exercise should be explored as a strategy to prevent age-

related cognitive loss. Our data suggest that short-term feeding of EGCG and β-ala, at fairly 

high oral dosages, do not independently or synergistically act with exercise to reverse age-

related cognitive loss.
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4-HNE 4-hydroxynonenal
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CFC Contextual fear conditioning

EGCG Epigallocatechin gallate

MWM Morris water maze

TLDA Taqman low density array
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VWR Voluntary wheel running
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Figure 1. Experimental timeline
Experimental intervention (dietary and exercise) continued through duration of study. 

Abbreviations: Morris water maze (MWM), contextual fear conditioning (CFC), novel 

context (NC), bromodeoxyuridine (Brdu).
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Figure 2. Exercise, but not EGCG/β-ala, decreases latency during a test of spatial learning of 
aged mice in the Morris water maze
All mice learned the task as evidenced by a significantly shorter path length to the hidden 

platform over time (1b). VWR mice found the platform faster later in the acquisition period 

(1b), this effect was most probably due to significantly faster swim speeds (1c). There was 

no main effect of the diet or diet × VWR or diet × VWR × time interactions for any of the 

variables. Data are shown as the mean ± SEM. *p < 0.05 for the main effect of exercise. n = 

12, 14, 15 and 15 for Con-Sed, EGCG/β-ala-Sed, Con-VWR and EGCG/β-ala-VWR, 

respectively.
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Figure 3. Exercise, but not EGCG/β-ala, enhances reference memory on probe trials in the 
Morris water maze
On both Days 5 (2a) and 7 (2b), VWR mice crossed the original location of the platform 

more often than sedentary mice. Data are shown as the mean ± SEM. *p < 0.05 for the main 

effect of exercise. n = 12, 13, 14 and 15 for Con-Sed, EGCG/β-ala-Sed, Con-VWR and 

EGCG/β-ala-VWR, respectively.
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Figure 4. Exercise but not EGCG/β-ala improves learning in the contextual fear conditioning test
In pre-conditioned animals, VWR resulted in a significant increase in time spent frozen 

when re-introduced into the original context 24 hrs later when compared to sedentary aged 

mice (5a). There was no effect of the diet or a diet × VWR interaction. In the novel context 

(5b), VWR increased freezing in the pre- and post-tone conditions with no diet or diet × 

VWR interaction. There were no significant group differences in the tone condition. Data 

are shown as the mean ± SEM. *p < 0.05 for the main effect of exercise. n = 10, 11, 11 and 

10 for Con-Sed, EGCG/β-ala-Sed, Con-VWR and EGCG/β-ala-VWR, respectively.
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Figure 5. VWR, but not EGCG and β-ala, increases hippocampal cell proliferation
Data are shown as the mean ± SEM. *p < 0.05 for the main effect of exercise. n = 12, 13, 14 

and 15 for Con-Sed, EGCG/β-ala-Sed, Con-VWR and EGCG/β-ala-VWR, respectively.
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Figure 6. A diet containing EGCG and β-ala reduces 4-HNE in the cerebellum of aged mice
Data are represented as means ± SEM. *p < 0.05 for the main effect of diet. n = 9, 10, 9, 11 

for Con-Sed, Con-VWR, EGCG/β-ala-Sed and EGCG/β-ala-VWR, respectively.
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Table 1
Diet (AIN-93M) composition

Component Con EGCG/β-ala

Protein (% by wt.) 14 14

Carbohydrate “ 73 73

Fat “ 4 4

Energy (kcal/g) 3.8 3.8

Casein (g/kg) 140 140

L-Cystine 1.8 1.8

Corn Starch “ 496 496

Maltodextrin 10 “ 125 125

Sucrose “ 100 100

Cellulose, BW 200 “ 50 50

Soybean Oil “ 40 40

tButylhydroquinone “ 0.008 0.008

Mineral Mix S10022M “ 35 35

Vitamin Mix V10037 “ 10 10

Choline Bitartrate “ 2.5 2.5

Blue Dye #1 “ — 0.05

Teavigo (EGCG) (mg/g) 0 1.5

β-ala “ 0 3.43
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Table 2
Quantitative real-time PCR primer information

Gene Classification Assay Identificationa

Bdnf Neurotrophin Mm01334042_m1

Ngf Neurotrophin Mm00443039_m1

Igf1 Neurotrophin Mm00439560_m1

Vegfa Neurotrophin Mm01281449_m1

Tgfb1 Neurotrophin Mm01178820_m1

Tnf Pro-inflammatory Mm00443258_m1

mp Pro-inflammatory Mm00434228_m1

Il6 Pro-Inflammatory Mm00446190_m1

Itgam (Cd11b) Pro-Inflammatory Mm00434455_m1

Ccl2 Chemokine Mm00441242_m1

Cx3cl1 Chemokine Mm00436454_m1

Cxcl12 Chemokine Mm00445553_m1

a
Applied Biosystems TaqMan Gene Expression Assay identification number.
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Table 3
Descriptive data

Variable Con-Sed EGCG/β-ala-Sed Con-VWR EGCG/β-ala-VWR

day 0 Body Weight (g) 31.1 ± 0.5 30.3 ± 0.6 30.5 ± 0.6 30.7 ± 0.5

day 41 Body Weight (g) 30.0 ± 0.6 29.1 ± 0.6 27.0 ± 0.5 * 27.5 ± 0.5 *

Food Disappearance (g/day) 3.4 ± 0.1 3.5 ± 0.1 3.6 ± 0.1 3.6 ± 0.1

Water Disappearance (g/day) 2.7 ± 0.2 3.4 ± 0.2 Λ 3.1 ± 0.2 3.3 ± 0.2 Λ

Spleen Weight (mg) 94 ± 5 88 ± 7 89 ± 9 81 ± 7

Running Distance (km/day) 4.8 ± 0.8 4.5 ± 0.4

*
p < 0.05 for the main effect of VWR;

Λ
p < 0.05 for the main effect of diet. n= 10-15/treatment.
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