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Abstract

Aging is associated with progressive changes in learning and memory. A potential approach to 

attenuate age-related cognitive decline is cognitive training. In this study, adult male and female 

rats were given either repeated exposure to a T-maze, or no exposure to any maze, and then tested 

on a final battery of cognitive tasks. Two groups of each sex were tested from 6-18 months old on 

the same T-maze; one group received a version testing spatial reference memory, and the other 

group received only the procedural testing components with minimal cognitive demand. Groups 

three and four of each sex had no maze exposure until the final battery, and were comprised of 

aged or young rats. The final maze battery included the practiced T-maze plus two novel tasks, 

one with a similar, and one with a different, memory type to the practice task. The fifth group of 

each sex was not maze tested, serving as an aged control for the effects of maze testing on 

neurotrophin protein levels in cognitive brain regions. Results showed that adult intermittent 

cognitive training enhanced performance on the practice task when aged in both sexes, that 

cognitive training benefits transferred to novel tasks only in females, and that cognitive demand 

was necessary for these effects since rats receiving only the procedural testing components 

showed no improvement on the final maze battery. Further, for both sexes, rats that showed faster 

learning when young demonstrated better memory when aged. Age-related increases in 

neurotrophin concentrations in several brain regions were revealed, which was related to 

performance on the training task only in females. This longitudinal study supports the tenet that 
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cognitive training can help one remember later in life, with broader enhancements and 

associations with neurotrophins in females.
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1. Introduction

Life expectancy is continuing to increase in tandem with the baby-boom generation growing 

older. Projections to the year 2050 show 19 million Americans will be living into their 80s 

(Shrestha, 2005, Vincent and Velkoff, 2010). As age is the number one risk factor for 

developing Alzheimer's disease (AD; Lindsay, et al., 2002), this population faces a greater 

burden of both normal age-associated and pathological cognitive decline. Currently, there 

exist few treatments for AD, with only two classes of FDA approved drugs which possess 

short-term efficacy and do not prevent or halt the progression of AD; of note, these drugs are 

not prescribed for age-associated cognitive decline (Chiang and Koo, 2014, Petersen, et al., 

2001). Remaining cognitively active may help protect against age-related cognitive decline 

and development of AD. In fact, that a non-pharmacological approach might protect against 

cognitive decline due to normal aging or neurodegenerative disease provides potentially new 

avenues for treatment.

Accumulating evidence supports the tenet that cognitive activity is related to cognitive 

prowess as aging ensues. For example, people 60 – 85 years old were able to improve their 

ability to multitask by participating in a video game activity for one month (Anguera, et al., 

2013). Interestingly, these aged participants outperformed 20 year olds, and enhancements 

persisted for at least six months while transferring/benefiting other cognitive domains 

(Anguera, et al., 2013). Other forms of cognitive training also show benefit. Education is 

related to decreased risk of developing dementia and some symptoms of AD (Bowirrat, et 

al., 2002, De Ronchi, et al., 1998, Fritsch, et al., 2002, Gatz, et al., 2001, Letenneur, et al., 

1999, Ott, et al., 1999), and more early- and mid- life cognitive activity is related to less β-

amyloid deposition (Landau, et al., 2012). Moreover, college professors with 21-23 years of 

education maintained cognitive performance as they aged, with professors in their sixties 

performing as well as professors in their thirties (Shimamura, et al., 1995). Lastly, better 

cognitive ability as a child, as measured on a global scale of cognitive functioning, was 

associated with a decreased risk of developing late-onset dementia (Whalley, et al., 2000), 

and cognitive stimulation therapy is beneficial to people diagnosed with AD (reviewed in 

Ballard, et al., 2011). Collectively, there is evidence that multiple forms of cognitive activity 

attenuates age- and AD- related cognitive decline.

The research conducted in humans is largely corroborated by studies using animal models. 

For example, short-term working memory training in young adult mice enhanced selective 

attention and performance on a battery of tests (Light, et al., 2010). Furthermore, long-term 

cognitive training in rodents benefitted later performance on tasks assessing working and 

reference memory, as well as selective attention (Bierley, et al., 1986, Markowska and 
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Savonenko, 2002, Matzel, et al., 2011, Vicens, et al., 2003); these effects do not appear to 

depend on visual acuity or swimming ability (Markowska and Savonenko, 2002), but do 

transfer to novel/untrained tasks and novel cognitive domains (Light, et al., 2010, Matzel, et 

al., 2011). The majority of this research has evaluated males; in fact, only one rodent study 

has evaluated females, and there was no male comparison group (Ando and Ohashi, 1991). 

Hence, it is unknown whether sex differences exist in response to cognitive training.

The neurobiological mechanism whereby cognitive activity might attenuate age-related 

cognitive decline is largely unknown. One potential mechanism is the neurotrophic system, 

which has been found to change with age (Mufson, et al., 1995). Neurotrophins, such as 

nerve growth factor (NGF), impact cholinergic neuron survival and maintenance (Granholm, 

2000, Levi-Montalcini, 1987, Woolf, 1991), and numerous studies have demonstrated that 

age-related memory deficiency is coupled with alterations in the cholinergic system (e.g., 

humans: Drachman and Leavitt, 1974, rats: Eckerman, et al., 1980, monkeys: Rupniak, et 

al., 1990). Furthermore, NGF protein concentrations have been correlated with cognitive 

maze scores in aged rats (Bimonte-Nelson, et al., 2003a), and NGF administration has been 

shown to improve learning and memory deficits in aged rats (Backman, et al., 1996, Fischer, 

et al., 1987, Gustilo, et al., 1999, Markowska, et al., 1994, Scali, et al., 1994). Taken 

together, it is plausible that long-term cognitive training impacts NGF concentrations, which 

in turn could translate to an attenuation of age-related memory changes.

In the current study, we aimed to determine whether long-term cognitive training attenuates 

age-related cognitive decline in male and female rats, and, if so, what parameters guide these 

effects. Therefore, for male and female rats, this study was designed to evaluate: 1) whether 

the effects of cognitive training were due to cognitive demand and/or the procedural 

components of testing, and 2) whether effects were limited to the trained cognitive domain, 

or if they transferred to an untrained cognitive domain. Two recent studies found that 

cognitive demand is indeed necessary for the effects of cognitive training to be realized, and 

that benefits can transfer to novel tasks and novel cognitive domains (Light, et al., 2010, 

Matzel, et al., 2011); however, both studies evaluated only male mice. Furthermore, given 

that the human literature suggesting that cognitive ability (Whalley, et al., 2000), or 

cognitive reserve (Snowdon, 2003), impacts cognitive status when aged, we also assessed 

whether performance during the first cognitive training session when young related to later 

performance when aged. After testing on the final maze battery, NGF concentrations were 

assayed in several cognitive brain regions. This allowed us to evaluate whether NGF 

concentrations were altered by cognitive training and/or related to any cognitive-training 

induced learning and memory enhancements. We hypothesized that cognitive training would 

alter the trajectory of age-related cognitive decline and neurotrophic systems in a sex-

specific manner. Indeed, given long-standing research suggesting that females are 

“buffered” against insult and show more plasticity in comparison to males (for review see 

Fitch and Bimonte, 2002, Juraska, 1986), we predicted a priori that females would be most 

benefitted by cognitive training.
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2. Methods

2.1. Subjects

Six-month-old Fisher-344 rats (46 female, 50 male) were obtained from the National 

Institute on Aging (NIA) colony at Harlan Laboratories, and were pair housed in the Arizona 

State University (ASU) rodent facility in the department of Psychology. Rats had exposure 

to food and water ad libitum and were maintained on a 12-h light/dark cycle at 23°C. 

Procedures were approved by ASU's Institutional Care and Use Committee (IACUC), 

adhered to the Guide for the Care and Use of Laboratory Rats (National Research Council; 

2011), and National Institutes of Health (NIH) standards. Following Markowska and 

Savonenko (2002), initiation of the cognitive and procedural component training schedule 

began at 6 months of age. Rats received one training session every 3 months; training 

continued for 12 months, with rats receiving their last training session at 18 months of age. 

Care was taken to ensure that the T-maze, and all objects and spatial cues in the training 

maze room, remained unchanged for the entire 12-month training and final maze battery 

testing periods. After behavioral testing, all rats were euthanized, and the rapid collection of 

several brain regions ensued immediately. At this experimental time point, the aged groups 

were 23 months of age, and the Young-Naïve group was 8 months of age. Later, NGF 

protein concentrations from the collected brain regions were assayed.

To meet the goals of the experiment, we used four groups of rats that were 6 months old at 

the beginning of the study and 21 months old at the beginning of the final maze battery, and 

one group of young rats that were 6 months old at the beginning of the final maze battery. 

This resulted in a total of five groups: 1) the aged cognitive training group which assessed 

the effects of reference memory training from 6 to 18 months of age (Aged Cognitive 

Training), 2) the aged procedural component group which addressed the effects of the 

procedural components of maze testing (Aged Swim Only), 3) the aged naïve group which 

had no maze exposure prior to the final maze battery (Aged Naïve), 4) the aged never-tested 

group which assessed the effects of age on NGF protein concentrations in rats that had no 

maze exposure (Aged Never Tested), and, 5) the young 6-month-old naïve group, which we 

included to compare aged groups to a group with “optimal” learning and memory ability 

(Young).

Treatment Groups: Figure 1A displays each treatment group and their age, concordant 

with a timeline of the experimental procedures. The Aged Cognitive Training group was 

composed of 19 rats (8 female, 11 male). From 6 to 18 months of age, this group was tested 

every 3 months for 5 days, 6 trials per day, on the reference memory T-maze using 

procedures previously published (Denenberg, et al., 1991, Denenberg, et al., 1990, Gibbs, et 

al., 2004). The black Plexiglas® maze (each arm was 38.1cm × 12.7cm) was filled with 

water made opaque with black non-toxic paint, and had a hidden escape platform with a 

wire mesh top at the end of one of the two non-start arms. Each rat had an assigned exit 

location (East or West) for the entire duration of training through the final maze battery. 

Drop off locations varied between north and south arms to minimize the possibility of rats 

using a motoric/olfactory strategy rather than a spatial strategy. After a rat located the 

platform, it remained there for 5 sec; the rat was then removed and placed in its heated cage 
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for 30 sec until the next trial. Between trials the maze was cleaned and water disrupted to 

minimize the possibility of rats using an olfactory strategy. The dependent variable was the 

number of correct arm entries, quantified as the number of times a rat found the hidden 

escape platform on the first choice of each trial within a day.

The Aged Swim Only group consisted of 21 rats (10 female, 11 male). From 6 to 18 months 

of age, this group experienced conditions identical to the Aged Cognitive Training group, 

with the exception that the T-maze was modified to minimize cognitive demand. Exit arms 

were assigned randomly for each trial pair. Cognitive demand was minimized by keeping 

the non-exit, non-platformed, arm blocked; hence, the escape arm was the only arm left 

open. This resulted in this group receiving similar experience as the Aged Cognitive 

Training group regarding being removed from the colony room, and experiencing handling 

and maze testing. Drop off locations varied between north and south arms to maximize 

swimming similarities to the Aged Cognitive Training group. Inclusion of the Aged Swim 

Only group addressed whether the procedural components of maze testing throughout the 

training period influenced age-related cognitive change.

The Aged Naïve group consisted of 20 rats (10 female, 10 male) which remained in their 

colony room cages from 6 to 21 months of age (i.e., the entire training period), and then 

were tested on the final maze battery. The Aged Naïve group allowed us to reference the 

normally aged laboratory rat that did not receive cognitive training or prior behavior testing.

The Aged Never Tested group was composed of 18 rats (9 female, 9 male) that remained in 

their colony room cages from 6 to 23 months of age (i.e., the entire study period) and were 

never behaviorally test. In fact, these rats were not handled before euthanasia aside from 

normal caretaking procedures (e.g., cage changes). Aged Never Tested rats were euthanized 

along with the other groups of rats after the final maze battery. We used this group to 

evaluate NGF concentrations in the cognitive brain regions of rats that were not exposed to 

behavioral testing.

The Young group was comprised of 18 (9 female, 9 male) adult rats. This group was tested 

only during the final maze battery, so that we could compare the aged groups to the 

cognitively-intact, non-experimentally manipulated, young rat. These rats were 6 months of 

age when tested on the final maze battery. This age was chosen for the Young group because 

this is the age when the cognitive training period started for the Swim Only and Cognitive 

Training groups.

2.2 Vaginal and control anal swabs

After the completion of all training sessions, just prior to the initiation of the final maze 

battery, all females received vaginal smears once a day in the morning for several 

consecutive days following previously published methods (Acosta, et al., 2009b, Talboom, 

et al., 2010). Vaginal cytology was classified as proestrus, estrous, metestrus, or diestrus 

(Goldman, et al., 2007). All aged females were categorized as being in an estropause state. 

Nearly all of the aged females remained in anestrus; the majority of the aged females 

consistently displayed a constant diestrus smear, with overall few cells that were primarily 

leukocytes, consistent with anestrus and relatively stable circulating concentrations of 
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ovarian hormones. Very few aged females displayed transitioning diestrus- and proestrus- 

like smears. The transitioning proestrus-like smear consisted of epithelial cells, intermediate 

cells, and noticeable mucus. All young females displayed normal four day cycles, indicative 

of normal reproductive capacity and fluctuating concentrations of circulating ovarian 

hormones. To control for the handling and procedure of vaginal swabs, all males received a 

gentle anal probe with a swab using a nearly identical procedure to the one used to perform 

vaginal swabs in the females.

2.3. Mazes used during the final maze battery

We began the final maze battery when the aged groups (Aged Cognitive Training and Aged 

Control) were 21 months of age. The final maze battery included mazes assessing both 

working and reference memory. We chose these mazes to determine whether cognitive 

training on one maze (the T-maze) benefited performance only on the same maze (the T-

maze), or whether effects transferred to untrained mazes (the water radial-arm maze 

[WRAM] and Morris maze). Further, because the final maze battery included mazes 

assessing both working and reference memory, we could also determine whether memory 

transfer effects to novel mazes occurred only within the tested memory domain (reference 

memory), or whether they transferred to an untrained memory domain (working memory) as 

well. The final maze battery, on which all groups except the Aged Never Tested group were 

evaluated, included the following mazes in the order of final battery testing: the win-shift 

working memory and reference memory WRAM, the reference memory Morris maze, and 

the reference memory T-maze. The WRAM and Morris maze were novel tasks, assessing 

performance in novel environments/testing rooms. The T-maze was a familiar task in a 

familiar environment/testing room to the Aged Cognitive Training and Aged Swim Only 

groups, except cognitive demand was now required of the Aged Swim Only group. Each 

maze was located in a separate, distinct room that had salient, visual, extra-maze cues that 

remained constant throughout the testing period.

2.3.1. WRAM—The win-shift WRAM is an 8-arm maze (Figure 1B) which was 

constructed of black Plexiglas® and filled with room temperature water made opaque using 

black non-toxic paint (e.g., Bimonte and Denenberg, 1999, Bimonte and Denenberg, 2000, 

Bimonte, et al., 2000). Hidden escape platforms (1 cm below the water) were placed in the 

ends of 4 of the 8 arms. Each subject had 4 platform locations that remained fixed 

throughout testing. A subject was released from the start arm and had 3 min to locate a 

platform; if it did not find a platform during the 3 min, it was gently led, using a dark rod, to 

the closest one. Once on a platform, the rat remained on it for 15 sec, and was then returned 

to its heated cage for a 30 sec inter-trial-interval (ITI). During the ITI, the just located 

platform was removed from the maze. The rat was then placed again into the start arm and 

allowed to locate another platform. For each rat, a daily session consisted of 4 trials, with the 

number of platformed arms reduced by 1 on each subsequent trial. Thus, the working 

memory load was increasingly taxed as trials progressed. Each rat was given 1 session a day 

for 12 consecutive days. Quantification and blocking procedures were based upon previous 

studies using the WRAM (Bimonte-Nelson, et al., 2003a, Bimonte, et al., 2002, Bimonte, et 

al., 2003). Errors were quantified using orthogonal measures of working and reference 

memory (Jarrard, et al., 1984), as done in previous WRAM studies (see Bimonte-Nelson, et 
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al., 2003a, Bimonte, et al., 2002, Bimonte, et al., 2000, Hyde, et al., 2000). Working 

memory correct (WMC) errors were the number of first and repeat entries into any arm from 

which a platform had been removed during that day. Reference memory (RM) errors were 

the number of first entries into any arm that never contained a platform within a day. 

Working memory incorrect (WMI) errors were the number of repeat entries into an arm that 

never contained a platform within a day (i.e., repeat entries into a reference memory arm 

within a day). Number of WMC, WMI, and RM errors served as the dependent variables for 

statistical analysis, and data were blocked into 4-day blocks (Bimonte-Nelson, et al., 2003a, 

Bimonte, et al., 2002, Bimonte, et al., 2003).

2.3.2. Morris maze—The Morris maze (see Fig. 1B for a diagram of the maze, Morris, et 

al., 1982) evaluated spatial reference memory, and consisted of a round tub (188 cm in 

diameter) filled with water made opaque with black non-toxic paint. The rat was placed in 

the maze from any of four locations (North, South, East, or West) and had 60 sec to locate a 

submerged hidden escape platform with a wire mesh top which remained in a fixed location 

(the target Northeast quadrant, NE) throughout testing. After 15 sec on the platform, the rat 

was placed into its heated cage until the next trial; the inter-trial-interval (ITI) was 5-8 min. 

For each rat, the testing session consisted of 4 trials/day for 5 days. A video camera recorded 

each rat, and a tracking system (EthoVision 3.1, Noldus Information Technology, 

Wageningen, Netherlands) analyzed each rat's path. The dependent measure was swim 

distance (cm), with less swim distance interpreted as better performance. To assess platform 

localization, a probe trial was given on an additional trial (trial 5) on the last day of testing, 

whereby the escape platform was removed from the maze. The dependent measures for the 

probe trial were percentage of total swim distance (cm) in the target NE quadrant as 

compared to the opposite Southwest (SW) quadrant.

2.3.3. T-maze—The procedure for the T-maze during the final maze battery was identical 

to that given to the Aged Cognitive Training group during the training period, as described 

above. For the rats with T-maze experience from the training sessions, the platform location 

remained constant (in the same arm of the maze, and same place in space) during cognitive 

training and the final maze battery. The dependent variable was the number of correct arm 

entries made within a daily session.

2.4. Brain dissection and NGF analysis

At sacrifice, rats were anesthetized with isoflurane (Vetone, Meridian, Indiana) and 

euthanized according to NIH guidelines and American Veterinary Medical Association 

(AVMA) guidelines on euthanasia (2007), after which the brains were rapidly dissected. 

Following a stereotaxic atlas (Paxinos and Watson, 2005) right hemisphere frontal cortex, 

parietal cortex, temporal cortex, striatum, entorhinal cortex, and ventral hippocampus 

(CA1/2) were rapidly dissected, as done previously (Bimonte-Nelson, et al., 2003a). 

Dissected tissues were immediately placed in weighed microcentrifuge tubes, frozen on dry 

ice, and stored at -70 °C until tissue lysates were made. NGF protein concentrations were 

assessed via enzyme-linked immunosorbent assay (ELISA) using commercially available 

kits from Promega (Madison, Wisconsin). NGF assay procedures were conducted as 

previously described (Engler-Chiurazzi, et al., 2009). Briefly, tissue lysates were made, 
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processed, and read in flat-bottom 96 well plates according to the kit's instructions. The 

range of NGF detection was between 4.7-300 pg/ml and 7.8-500 pg/ml. For each assay kit, 

cross-reactivity with other trophic proteins was < 2-3%. The concentration of NGF (pg/mg 

of tissue) present in the brain region of interest was the dependent variable used for 

statistical analysis.

2.5. Statistical methods

The current study was designed to determine whether cognitive training enhanced 

performance in aged animals, whether there was an age effect on each maze, and whether 

the cognitive training or age effects differed by sex. Therefore, we aimed to compare the 

Young group to the Aged Control group to determine age effects, and the Aged Control 

group to the Aged Cognitive Training group to determine cognitive training effects in the 

aged animals. As a result, comparisons were planned a priori and Type I error correction 

was not necessary (Keppel and Wickens, 2004). Data were analyzed using a mixed model 

ANOVA with either Age or Treatment, and Sex, as the between variables, and repeated 

measures variables as appropriate for the specific test. This statistical routine is common 

(e.g. Braden et al., 2011), and was necessary so that we could evaluate potentially complex 

higher order interactions with Days and/or Trials for behavior assessments. To evaluate 

potential relations between maze performance when young and NGF concentrations when 

aged, one predictor regression analysis including Pearson's correlation coefficient (r) was 

run within the Cognitive Training group. All ANOVAs, regressions, and correlations were 

performed using StatView (for Windows version 5.0.1; SAS Institute Inc.; Cary, NC); the 

data were then graphed using Prism (version 6.04, GraphPad Software, La Jolla, CA).

We employed linear growth modeling in the current study as well. Paralleling research 

conducted in humans (e.g., Whalley, et al., 2000), we wished to evaluate whether cognitive 

ability when young related to cognitive ability when aged. We estimated a linear growth 

model from the number of correct arm entries made by the young Cognitive Training group 

across their first session on the cognitive training T-maze. The model was predicted as a 

function of the elapsed number of days from the initial cognitive training session conducted 

when the rats were 6 months of age (Singer and Willett, 2003). Specifically, we used growth 

modeling to determine if initial cognitive ability/performance (intercept) or rate of learning 

(slope) differed between males and females, and if ability or rate of learning when young 

was related to the novel task cognitive performance when aged (described in more detail 

below). We used Mplus (version 5.21; Muthén & Muthén; Los Angeles, California) to 

estimate the linear growth model.

3. Results

At the conclusion of the study, statistical analyses were performed to evaluate potential 

differences between the Aged Swim Only and Aged Naïve groups for behavior, and the 

Aged Swim Only, Aged Naïve, and Aged Never Tested groups for the NGF analysis; no 

significant differences would allow simplification of the analyses since these groups could 

be combined into one control group for each respective analysis. There were no significant 

differences between the two groups for behavior for any dependent measure showing 
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cognitive training differences, nor were there significant differences between the three 

groups for the NGF analysis.

3.1. WRAM

Figure 2 shows the mean ±SE error scores for each group, collapsed across all blocks and 

trials. Young rats outperformed Aged Control rats for WMC [F(1,56) = 4.40, p < 0.05; 

Figure 2A], WMI [F(1,56) = 16.77, p < 0.0001; Figure 2B], and RM [F(1,56) = 23.28, p < 

0.0001; Figure 2C], with no Age × Sex interaction. For the Aged Control and Aged 

Cognitive Training group analysis, there were no main effects or interactions with Sex for 

WMC or RM. Effects were specific to WMI. Figure 3 shows the mean ±SE error scores for 

each block for each group for WMI. For WMI, there was no main effect of Treatment, and 

there was a significant Treatment × Block [F(2,116) = 3.26, p < 0.05] and Treatment x 

Block x Trial interaction [F(6,348) = 2.13, p < 0.05]. Further WMI analysis of the last block 

of testing (for the asymptotic phase of performance, as done routinely to test memory after 

learning has occurred; e.g., Acosta, et al., 2009a, Bimonte-Nelson, et al., 2003b, Bimonte-

Nelson, et al., 2004, Bimonte and Denenberg, 1999, Digby, et al., 2012), revealed a 

significant Sex x Trial interaction [F(3,183) = 8.51, p < 0.0001] and a marginal Treatment × 

Sex × Trial interaction [F(3,183) = 2.14, p = 0.09], as shown in Figure 4A. Since the 

working memory load increases as trials increase, an interaction with trial could indicate a 

differential ability to handle an increasing working memory load. Thus, for WMI we tested 

the trial at the highest working load, trial 4, as done previously using this task (Acosta, et al., 

2009a, Braden, et al., 2010, Digby, et al., 2012). As shown in Figure 4B, for WMI Aged 

Cognitive Training females made fewer errors than Aged Control females when working 

memory load was the highest [F(1,27) = 4.85, p < 0.05], an effect not found in males, as 

Aged Cognitive Training males did not differ from Control males [F(1,34) = 0.03, p = 0.86].

3.2. Morris maze

Figure 5A shows the mean ±SE swim distance scores across days for each group. Young 

animals exhibited better performance than Aged Controls, as Young animals had lower 

swim distance scores than Aged Controls [F(1,56) = 18.01, p < 0.0001]; there were no 

significant Age × Sex interactions. For the analysis of the Aged Control and Aged Cognitive 

Training groups, there was no main effect of Treatment, and there was a significant 

Treatment × Day interaction [F(4,232) = 2.99, p < 0.05]; Aged Cognitive Training rats 

showed better performance starting on day 3. Since these analyses revealed that the 

Cognitive Training group demonstrated better performance starting on day 3, we evaluated 

overnight forgetting of the platform location during the latter block of testing (overnight 

forgetting for days 2 to 3, days 3 to 4, and days 4 to 5), by computing and testing the 

difference in swim distance between the first trial of the next day after the overnight 

interval, and the last trial of the previous day (trial 1 distance – trial 4 distance). Overnight 

forgetting is shown for all groups in Figure 5B. For this assessment of overnight forgetting, 

there was a significant Cognitive Training × Sex interaction [F(1,59) = 4.67, p < 0.05]; 

Aged Cognitive Training females outperformed Aged Control females [F(1,27) = 5.86, p < 

0.05]. This effect was not found in their male counterparts, as Aged Cognitive Training 

males did not differ from Aged Control males [F(1,32) = 0.11, p = 0.74]. Female Aged 

Control rats and had more overnight forgetting than female Young rats [female Aged 
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Control vs. female Young: F(1,28) = 4.08, p ≤ 0.05]; this effect was not seen in males [male 

Aged Control vs. male Young: F(1,29) = 1.90, p = 0.18].

Figure 5C shows the mean ±SE probe trial data for each group. For the probe trial, for the 

Young and Aged Control comparison, all animals spent a greater percent distance in the 

Target versus Opposite quadrant [main effect of Quadrant: F(1,55) = 182.01, p < 0.0001], 

and there was a significant Treatment × Quadrant interaction (F[1,55] = 6.58, p < 0.05). 

Further analyses to understand this interaction showed that Young animals swam somewhat 

more in the Target quadrant [percent of total swim distance in NE quadrant: Aged Control 

vs. Young F(1,57) = 3.12, p = 0.08], but swam less in the Opposite quadrant [percent of 

total swim distance in SW quadrant: Aged Control vs. Young F(1,55) = 4.99, p < 0.05] 

when compared to Aged Control animals, and there were no Sex × Quadrant, nor Sex × Age 

× Quadrant, interactions. For the Aged Control vs. Aged Cognitive Training comparison, 

there was a main effect of Quadrant [F(1,57) = 147.75, p < 0.0001], with both Aged Control 

and Aged Cognitive Training groups spending a greater percent distance in the Target 

quadrant; there were no Sex × Quadrant, nor Sex × Cognitive Practice x Quadrant, 

interactions, indicating that all aged groups were able to equally localize the platform 

quadrant by the end of testing.

3.3. T-maze

Figure 6A shows the mean ±SE number correct for each group for each day, and Figure 6B 

shows the mean ±SE number correct for each group collapsed across days. There was no 

effect of Age, nor an Age × Sex interaction, for the T-maze. The Aged Cognitive Training 

group outperformed the Aged Control group for the T-maze final battery assessment 

[Treatment main effect: F(1,58) = 23.73, p < 0.0001], an effect which did not interact with 

Sex.

3.4. NGF protein concentrations and correlations with behavior

Figure 7A shows the mean ±SE NGF protein values for each brain region, for each group. 

Aged Control animals had higher concentrations of NGF in the frontal cortex [F(1,71) = 

6.97, p < 0.05], parietal cortex [F(1,71) = 7.52, p < 0.05], temporal cortex [F(1,71) = 4.42, p 

< 0.05], and striatum [F(1,70) = 5.13, p < 0.05; of note, one sample was lost due to 

experimental error], as compared to Young animals; Age did not interaction with Sex for 

any brain region. NGF concentrations did not change with Cognitive Training (the Aged 

Cognitive Training group did not differ from the Aged Control group), nor did Cognitive 

Training interact with Sex for any brain region.

We found a positive correlation between how well male and female rats performed on the 

initial exposure to the training task when young (6 months old) and their concentration of 

hippocampal NGF when aged at 21 months old [b = 0.10, r = 0.59, z(19) = 2.72, p < 0.05]. 

However, analyses of males and females alone revealed that this significant correlation was 

carried by the females [Females: b = 0.13, r = 0.79, z(8) = 2.39, p < 0.05; Males: b = 0.10, r 

= 0.37, z(11) = 1.09, p = 0.28; Figure 7B]. In fact, when females were evaluated separately, 

we found another positive correlation between how well females performed on the initial 

exposure to the training task when young, and their concentration of frontal cortex NGF 
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when aged [b = 0.14, r = 0.71, z(8) = 2.00, p < 0.05, Figure 7C]. This identical correlation 

was not found to be significant when males were evaluated alone [b = 0.06, r = 0.04, z(10) = 

0.11, p > 0.05].

3.5. Growth modeling

The linear growth model evaluating the first reference memory T-maze training session, 

when the Cognitive Training rats were young (6 months old), indicated that female rats had 

a steeper slope across days than males, suggesting that females learned the task at a faster 

rate compared to males [B3 = -0.27, p < 0.05, Figure 8]. Of note, females made fewer correct 

arm entries on day 1 in comparison to males [B2 = 0.96, p = .003; wherein B2 was the 

amount by which values of performance on day one differed between females and males], 

which would impact the slope of this line. Hence, females may have learned at a faster rate, 

and thereby reached the same level of performance seen in the males, by the end of the first 

practice session.

We created a global cognitive composite measure for the novel tasks so that we could 

evaluate relationships between learning when young, and learning when old. Specifically, 

the number of WRAM total errors (all three measures) and swim distance on the Morris 

maze, across all days and trials for both mazes, were converted to z-scores. This allowed us 

to create a single score representing overall performance on mazes novel to all tested groups 

during the final maze battery. The z-scores equally weighted the results from the two mazes 

even though each maze used a different dependent variable metric (i.e., errors committed 

and swim distance, respectively). For both sexes, rats that learned the training task faster 

demonstrated enhanced performance when aged on the composite measure of the novel 

tasks in the final maze battery [B = - 3.37, p ≤ 0.05, Figure 8]. This positive association 

between the learning rate of a rat when it was young and its subsequent aged memory 

performance was strong according to Cohen's (1988) conventional norms in psychological 

science [r = 0.83, p < 0.05].

4. Discussion

This longitudinal study supports the tenet that cognitive training can help one remember 

later in life. Here, we show that intermittent cognitive training throughout adulthood can 

attenuate age-related memory decline, but only when there is cognitive demand. The current 

study suggests that there are sex differences in this effect, with females showing benefits of 

cognitive training on novel tasks evaluated in the final battery, and males showing a lack of 

cognitive training-mediated benefits on novel tasks in the final battery. Hence, findings from 

this study indicate that females are able to transfer the training effects to untrained memory 

domains, and, at least within the parameters utilized here, males are not. Specifically, in the 

female rat, cognitive training on a reference memory maze task every three months from 6 

to 18 months of age enhanced later cognitive performance when aged, at 21 months old, on 

tasks that were new to the animal. In females, on the final maze battery, a history of 

cognitive training from young adulthood to old age attenuated age-related working memory 

decline on a novel task (WRAM, as shown for the latter portion of testing for one of the two 

working memory measures examined on this task, WMI), protected against overnight 

forgetting on a novel reference memory task (Morris maze), and improved performance on 
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the practiced reference memory training task (T-maze). In males, cognitive training-induced 

enhancements were only seen for the practiced reference memory training task (T-maze). It 

is noteworthy that the Treatment × Day interaction for the spatial reference memory Morris 

maze task initially indicated that cognitive training might have helped both sexes; however, 

noting the interactions with Sex and upon further analyses, it became clear that the cognitive 

training benefit was due to females showing enhanced performance for overnight retention 

for the latter three overnight intervals. Here, we also show that cognitive demand was 

necessary for cognitive training effects to be realized, since rats that received only the 

procedural testing components for training showed no improvement on the final maze 

battery. Moreover, male and female rats that had a faster rate of learning when young 

demonstrated better global performance on the novel tasks when aged. We also show here 

that NGF concentrations increased in several brain regions as aging ensued, and that NGF 

protein levels in the hippocampus and frontal cortex related to performance on the training 

task only in young females.

4.1. Sex interacts with the impact of adult lifelong cognitive training

The data presented here suggest that male and female rats differ in response to cognitive 

training administered across adulthood. For the parameters utilized in the current study, 

females benefited from cognitive training, and were the only sex to demonstrate enhanced 

performance, relative to controls, on novel tasks. That females benefit from cognitive 

training when aged is corroborated by one other study (Ando and Ohashi, 1991); however, 

in this study there was no male comparison group to evaluate sex differences. While females 

did learn the practice task faster, all rats reached and maintained near asymptotic 

performance by the end of their first cognitive training session, thereby limiting the 

possibility that the sex differences found during the final maze battery were due to 

differential learning of the cognitive training task. Numerous studies in males have 

demonstrated training-mediated enhancements of memory (e.g., Bierley, et al., 1986, Light, 

et al., 2010, Markowska and Savonenko, 2002, Matzel, et al., 2011, Vicens, et al., 2003); 

thus, it might initially appear surprising that we did not see more robust effects in males. 

However, the majority of these studies used the same or similar tasks for both the practice 

task and final assessment. This does correspond to our findings here, as we found that both 

males and females showed cognitive training-induced enhancements on the T-maze, which 

was used for both training and again testing on the final battery. Thus, it may be that both 

males and females show training-induced enhancements on the same task used for practice, 

but that females can transfer these benefits to a more global nature, showing benefits on 

other non-practiced tasks. Taken together with data suggesting females exhibit greater brain 

plasticity (for review see Fitch and Bimonte, 2002, Juraska, 1986), it may be that the 

training effects found previously in males might in part be due to “practice effects” and not 

true training-mediated enhancements to aged performance. It remains to be determined 

whether sex differences would still exist with cognitive training if the cognitive training 

sessions were initiated more frequently or with a different level of intensity. In addition, we 

would be remiss if we did not acknowledge that different estropause states may have 

impacted the effects of cognitive training. Indeed, estropause status has been found to 

influence cognition in aged rats (see Markowska, 1999, Warren and Juraska, 2000). In the 

current study, vaginal smears demonstrated that nearly all aged females were in an anestrus 
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state, while the few found to be in a non-anestrus state were distributed throughout the 

various aged groups. Hence, while we cannot rule out possible estropause state-mediated 

alterations in the effect of cognitive training, the likelihood of its impact on our cognitive 

practice-induced sex difference findings is likely not largely accounting for the effects. 

However, of note, a systematic evaluation of interactions between state of estropause and 

efficacy of cognitive practice during aging is necessary to directly test this question, and 

could yield telling insight into the trajectory of sex differences as aging ensues, with and 

without cognitive practice.

4.2. Generalizing the impact of cognitive training: effects of long-term cognitive training 
transfer to untrained memory domains

Cognitive training protected aged female rats against the age-related decrements when 

handling an increasing working memory load on a novel working memory task, the WRAM. 

The WRAM is sensitive to rodent age-related working memory decline (Bimonte-Nelson, et 

al., 2003c, Bimonte, et al., 2002, Bimonte, et al., 2003), an effect we also demonstrate here. 

Reference memory cognitive training also attenuated age-related memory decline on the 

novel reference memory task, the Morris maze. This finding is corroborated by rodent 

experiments showing that long-term cognitive training enhances later performance on tasks 

assessing working and reference memory, as well as selective attention (Bierley, et al., 1986, 

Markowska and Savonenko, 2002, Matzel, et al., 2011). We also show here that reference 

memory cognitive training enhanced performance when aged on the training task, the 

reference memory T-Maze. Aged Cognitive Training animals performed better on the T-

Maze cognitive training task during the final maze battery when compared to Aged Control 

animals, and Aged Naïve animals did not differ from Aged Swim Only animals that received 

only the procedural components of testing, indicating that cognitive training-induced 

enhancements are found even when control is imposed over the procedural components of 

testing. Of note, an age effect was not seen on the T-Maze during the final maze battery (i.e., 

the Aged Control vs. Young comparison). This lack of an age effect corroborates previous 

research wherein no age effects were found on a land T-Maze; only the type of solving 

strategy differed by age (Barnes, et al., 1980).

Since we found that cognitive training in females can protect against age-related decline, 

and that these effects were observed on mazes and environments novel to the group that had 

cognitive training, the effects could not simply be due to familiarity or prior experience with 

the specific task. The enhanced performance of the Cognitive Training group (both males 

and females) relative to the Control group on the T-maze during the final maze battery could 

be, in part, due to retention, and not relearning, of the escape platform location since their 

last cognitive training session. Scores were essentially asymptotic with little to no variation 

after the first cognitive training session; this level of performance persisted to the last 

training session at 18 months. Collectively, these data suggest that previous cognitive 

training enhances performance on the training task for both males and females.
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4.3. Evidence that long-term adult cognitive training-induced enhancements require 
cognitive demand

Our data suggest that memory protection from cognitive training is due to the cognitive 

demand of the task, and not exposure to the procedural components of maze testing. During 

training, the Swim Only group had a single swim path without any choice points during the 

trials, thereby minimizing cognitive demand; this group “won” every time. This group, 

receiving only the procedural aspects of the task including being moved from the colony to 

the testing room, handling required of testing, swimming, and escaping on the platform, 

exhibited no protection from age-related memory decline and were virtually 

indistinguishable from aged controls that sat in their home cages until the final maze battery 

(the Aged Naïve rats). This finding is corroborated by recent studies where cognitive 

demand was necessary for enhancements of selective attention in young adult and aged male 

mice (Light, et al., 2010, Matzel, et al., 2011).

4.4. A faster rate of learning when young relates to superior global memory when old

The rate at which a male or female rat learned the cognitive training task during the first 

exposure at 6 months of age was related to cognitive performance when aged; indeed, a 

faster rate of learning when young corresponded to better memory on the novel mazes when 

aged. In the context of Donald Hebb's (1949) postulate describing the adaptation of neurons 

during learning and engram creation, it is tempting to speculate that learning when young 

strengthens brain networks so that enhanced learning and memory can occur when aged. 

Better learning when young might organize the brain in such a fashion that results in better 

learning later in life. Indeed, one might presume that such a tenet could underscore the idea 

that “cells that fire together, wire together” (Goodman and Shatz, 1993, Hebb, 1949), with 

prior learning providing greater cognitive reserve, in turn leading to better memory when 

challenged with a potentially cognitively-compromising situation, such as aging.

4.5. NGF protein concentrations were higher in aged rats, and concentrations in the frontal 
cortex and hippocampus when aged related to cognitive ability when young in females 
only

We evaluated NGF protein concentrations in the frontal cortex, parietal cortex, temporal 

cortex, striatum, entorhinal cortex, and ventral hippocampus (CA1/2), brain regions known 

to subserve cognitive and motor functions (Hasselmo, 2006, Woolf, 1991). Survival and 

maintenance of cholinergic neurons, which are critical for memory processes, are dependent 

upon neurotrophins including NGF (Bimonte-Nelson, et al., 2008, Bimonte-Nelson, et al., 

2003a, Granholm, 2000, Levi-Montalcini, 1987, Siegel and Chauhan, 2000, Woolf, 1991). 

We observed here an age-related increase in NGF protein concentrations in the frontal 

cortex, parietal cortex, temporal cortex, and striatum, although cognitive training did not 

alter NGF concentrations in the brain regions assayed. The current NGF findings agree with 

our previous data showing that both male and female aged Fischer-344 rats exhibited higher 

NGF protein concentrations in the striatum and frontal cortex when compared to young 

counterparts (Bimonte-Nelson, et al., 2008, Bimonte-Nelson, et al., 2003a, Koh and Loy, 

1988, Larkfors, et al., 1987).
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In the current study, in females only, better performance on the cognitive training task when 

young was associated with higher concentrations of frontal cortex and hippocampal NGF 

protein concentrations when aged. These findings correspond to studies showing that NGF 

infusions into the aged rat brain can attenuate age-related memory deficits (Markowska, et 

al., 1996), and environmental enrichment from 2 to 14 months of age increases cortical and 

hippocampal NGF concomitant with enhancements in spatial memory (Ickes, et al., 2000, 

Pham, et al., 1999). It is tempting to speculate that young females who had better 

performance when young likely had a better cognitive reserve or had greater neuroplasticity, 

since those that learned better when young had better global novel performance when aged. 

Hence, increased NGF protein in these animals, instead of solely responding to an age-

related insult or a perturbed system (Bimonte, et al., 2003; unpublished observations, 

Sugaya, et al., 1998), might reflect a beneficial brain environment subserving plasticity and 

neural network activity (see Levi-Montalcini, 1987).
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• Using male and female rats, we examined whether age-related cognitive decline 

can be attenuated by adult lifelong cognitive training.

• Cognitive training enhanced performance on the practice task when aged in both 

sexes, and benefits transferred to novel tasks only in females.

• Rats that showed faster learning when young demonstrated better memory when 

aged.

• Neurotrophin levels were related to performance on the training task only in 

females.

• Cognitive training can help cognition later in life, with broader enhancements 

and associations with neurotrophins in females.
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Figure 1. 
(A) Timeline and design of the experiment. (B) A diagram of the mazes used in this study. 

The spatial working and reference memory WRAM was the first novel task in a novel 

environment that behaviorally tested groups were exposed to during final testing battery. 

The spatial reference memory Morris maze was the second novel task in a novel 

environment used during final maze battery. The T-maze was used as the reference memory 

training task, and modified for use as the procedural components task, and it was tested last 

during final maze battery.
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Figure 2. 
Mean±SE number of: (A) WMC, (B) WMI, and (C) RM errors, committed on the WRAM 

collapsed across all blocks and trials. For each error type, Young animals outperformed the 

Aged Control animals. * p < 0.05.
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Figure 3. 
Mean±SE number of WMI errors committed on the WRAM across the three testing blocks 

(composed of 4 days each), collapsed across all trials, for each group.
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Figure 4. 
(A) Mean±SE number of WMI errors committed across trials during Block 3, the last block 

of testing. Working memory load increases as trials progress. (B) Mean±SE number of WMI 

errors made at the trial with the greatest working memory demand, trial 4. Aged Cognitive 

Training females made fewer errors than Aged Control females when working memory load 

was the highest, whereas Aged Cognitive Training males did not show an enhanced ability 

to manage this highest working memory load relative to Aged Control males. * p < 0.05.
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Figure 5. 
(A) Learning: Mean±SE swim distance (cm) across days on the Morris maze, collapsed 

across all trials. Young animals performed better than Aged Control and Aged Cognitive 

Training groups. (B) Overnight forgetting: Mean±SE difference in swim distance (cm) from 

trial 1 to trial 4 (trial 1 – trial 4), collapsed across days 2-5. Aged Cognitive Training 

females outperformed Aged Control females, an effect not found in males. (C) Probe trial: 

Mean±SE percent of total swim distance (cm) in the target NE vs. opposite SW quadrants 

during the probe trial. Young animals spent a greater percent of their total swim distance in 

the Target quadrant and less percent of total swim distance in the Opposite quadrant, than 

Aged Control animals, regardless of cognitive training or sex. Thus, all groups were able to 

equally localize the platform quadrant by the end of testing. * p < 0.05.
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Figure 6. 
(A) Mean±SE number of correct arm choices made across all days of testing on the T-Maze, 

collapsed across all trials. (B) Mean ±SE number of correct arm choices made collapsed 

across all days and trials. Aged Cognitive Training animals performed better than that Aged 

Control animals. * p < 0.05.
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Figure 7. 
(A) Mean±SE NGF protein concentration (pg/mg of tissue) for each brain region. The 

Young group had lower concentrations of NGF in the frontal cortex, parietal cortex, 

temporal cortex, and striatum. (B) Represented is the scatterplot of ventral hippocampal 

(CA1/2) concentrations of NGF (pg/mg tissue) in aged (23 month old) females (black filled 

triangles) and males (gray filled circles), and the number of correct arm choices made on the 

T-Maze during the first training session when young, 17 months earlier (at 6 months old). 

(C) Represented is the scatterplot of frontal cortex concentrations of NGF (pg/mg tissue) in 

aged (23 month old) females (black filled triangles) and males (gray filled circles), and the 

number of correct arm choices made on the T-Maze during the first training session when 

young, 17 months earlier (at 6 months old). Higher concentrations of NGF in the aged 

ventral hippocampus (CA1/2) and frontal cortex, significantly correlated with better initial 

spatial reference memory performance when young, in females only, as represented by the 

black solid line. F=females, M=males, * p <0.05.
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Figure 8. 
Mean±SE number of correct arm choices across days on the T-Maze during the first maze 

session. Specifically, the graph displays the learning curve of male and female Aged 

Cognitive Training rats during their initial/first cognitive training session, when they were 6 

months old. The linear growth model demonstrated that female rats had a steeper slope 

across days than males, suggesting that females learned the task at a faster rate [B3 = -0.27, p 

< 0.05]. Because females made fewer correct arm entries on day 1 in comparison to males 

[B2 = 0.96, p = .003, assessing the intercept], this impacted the slope of the line. A global 

cognitive composite measure was calculated for the novel tasks so that relationships 

between learning when young, and learning when old, could be evaluated. The number of 

WRAM total errors and swim distance on the Morris maze (all days and trials for both 

mazes), were converted to z-scores. These z-scores equally weighted the results from the two 

mazes, even though each maze used a different dependent variable metric (errors committed 

and swim distance, respectively). For both sexes, rats that learned the training task faster 

demonstrated enhanced performance when aged on the composite measure of the novel 

tasks tested during the final maze battery [B = - 3.37, p < 0.05]. This association between the 

learning rate when young and subsequent aged memory performance was strong according 

to Cohen's (1988) conventional norms in psychological science [r = 0.83, p < 0.05].
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