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Abstract
This study examined whether regular exercise training, at a level that would be recommended for
middle-aged people interested in improving fitness could lead to improved cognitive performance
and increased blood flow to the brain in another primate species. Adult female cynomolgus
monkeys were trained to run on treadmills for one hour a day, 5 days a week, for a 5 month period
(n=16; 1.9±0.4 miles/day). A sedentary control group sat daily on immobile treadmills (n=8). Half
of the runners had an additional sedentary period for 3 months at the end of the exercise period
(n=8). In all groups, half of the monkeys were middle-aged (10–12 years old) and half were more
mature (15–17 years old). Starting the fifth week of exercise training, monkeys underwent
cognitive testing using the Wisconsin General Testing Apparatus (WGTA). Regardless of age, the
exercising group learned to use the WGTA significantly faster (4.6±3.4 days) compared to
controls (8.3±4.8 days; p=0.05). At the end of 5 months of running monkeys showed increased
fitness, and the vascular volume fraction in the motor cortex in mature adult running monkeys was
increased significantly compared to controls (p=0.029). However, increased vascular volume did
not remain apparent after a three-month sedentary period. These findings indicate that the level of
exercise associated with improved fitness in middle-aged humans is sufficient to increase both the
rate of learning and blood flow to the cerebral cortex, at least during the period of regular exercise.
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Introduction
The benefits of physical fitness on human brain function and structure have become more
evident over the past decade. A strong positive association has been shown between physical
fitness, cognitive performance and brain volume in humans (Gordon et al., 2008,
Ruscheweyh et al., 2009). An extensive meta-analysis of controlled randomized exercise
studies showed a positive effect of exercise on a broad range of cognitive functions in older
human adults (Colcombe and Kramer, 2003), and placing humans on an aerobic exercise
program appears to mitigate brain volume declines with aging (Colcombe et al., 2003,
2006). Recent studies have also shown positive effects of exercise on slowing of the
progression of neurological disorders and enhancing recovery from brain injury (Sasco et
al., 1992; Teri et al., 2003; Chen et al., 2005; Podewils et al., 2005; Rolland et al., 2007;
Hamer and Chida, 2009; Scarmeas et al., 2009)

Though the mechanisms underlying the positive effects of exercise on the brain can not
easily be tested in humans, the concept that exercise can influence many central neural
structures is supported by a wealth of data collected in rodents. Chronic exercise increases
the vascular volume fraction in rat cerebellum, and motor, visual, and frontal cortices, and
striatum, and increases blood flow to the cerebellum (Black et al., 1990; Kleim et al., 2002;
Swain et al., 2003; Ding et al., 2004a,b, 2006). Exercise in rodents also increases
hippocampal dentate gyrus neurogenesis (van Praag et al., 1999; Rhodes et al., 2003; van
Praag et al., 2005), and neurotrophic factor expression (Neeper et al., 1995; Gomez-Pinella
et al., 1997; Klintsova et al., 2005; Griesback et al., 2009) in various brain regions. Exercise
has also been shown to increase learning of some cognitive tasks in rodents (Barnes et al.,
1991; Anderson et al., 2000; Radak et al., 2001).

However, it has been difficult to judge the equivalence of exercise regimens used in rodents
to those recommended for humans (Dishman et al., 2006; Cotman et al., 2007); thus it
remains unclear whether the exercise-related changes in the central nervous system which
have been demonstrated in rodents would occur in humans undertaking moderate levels of
exercise recommended for improving fitness, maintaining body weight, and reducing risk of
chronic disease (Haskell et al., 2007). To bridge this gap, we have developed a nonhuman
primate model of monkeys running on treadmills at an amount sufficient to improve fitness
in humans (Williams et al., 2007), in order to examine whether moderate exercise has
positive effects on brain structure and function. Use of a nonhuman primate model allowed
us to standardize the exercise regimen (i.e., all monkeys were run at 80% maximal capacity)
and control other lifestyle factors such as diet and stress exposure so that they did not
change during the exercise period, while examining an exercise regimen comparable to that
frequently prescribed for people. We exercised adult female cynomolgus monkeys on
treadmills using a regimen recommended by the American College of Sports Medicine and
the American Heart Association (Haskell et al., 2007) and examined evidence for two
changes in the brain that have been well documented in rodent studies: improved learning of
new tasks (Cotman and Berchtold, 2002; Vaynman et al., 2004; Leggio et al., 2005) and
increased vascular density (Swain et al., 2003; Ding et al., 2004, 2006) in motor cortex.
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Materials and Methods
Animals

Twenty four adult female cynomolgus monkeys (Macaca fascicularis), weighing 2.7 to 7.6
kg, which had been born in the wild, imported as young animals and moved to the
University of Pittsburgh about 9 years previously were used for this study. Age at the time
of importation was determined by dental and bone aging (Clifton and Steiner, 1986). This
study utilized two age groups: 12 middle-aged adult females (10–12 years old) and 12 more
mature adult females (15–17 years old). For this study, monkeys were housed at the
University of Pittsburgh Primate Research Laboratory in individual cages in rooms holding
approximately 40–80 monkeys, maintained on a controlled temperature (24±2 C) and
lighting schedule (lights on from 0700–1900 h). Monkeys were fed a single daily meal of
Purina High Protein monkey chow (12 pellets; approximately 240 Kcal; no. 5045, Ralston
Purina Co., St. Louis, MO) and one-quarter piece of fruit (about 20 kcal). Water was
available ad libitum. Monkeys also received novel items including non-caloric food treats
and toys to play with as part of a psychological enrichment program in accordance with
USDA guidelines. Food intake was tabulated every morning between 0800–0900 by
subtracting the number of pellets that were not consumed from the total number of pellets
provided to the monkeys the preceding day. Body weights before daily feeding were
measured weekly. Each monkey had her vaginal area swabbed daily with a cotton-tipped
applicator, to detect menses. All experiments were performed in compliance with
regulations of the Animal Care and Use Committee of the University of Pittsburgh.

Blood Sampling Procedures
Blood samples for the measurement of plasma lactate were collected from awake animals at
time points over the course of the study. For collection of blood samples, each monkey was
trained to jump from its cage into a transport box and then enter a specially designed cage
that allowed for brief immobilization of the monkey’s leg, using previously published
techniques (Williams et al., 2001). Blood samples were taken by femoral venipuncture.
Blood was collected in sterile heparinized syringes, transferred into glass tubes that were
placed in ice, and immediately centrifuged at 3800 rpm for 12 minutes. Plasma was stored at
−20°C until assays were performed.

Heart Rate Monitoring
At intervals throughout the experiment, heart rate was measured using standard
electrocardiogram electrodes protected by a nylon jacket. All monkeys had been adapted to
wearing jackets as part of a previous behavioral study, in which they wore jackets for 4–7
day intervals several times a year for three years. For EKG electrode placement, monkeys
were sedated with 0.1 mg/kg ketamine hydrochloride (Ketaject, Phoenix Pharmaceuticals
Inc., St. Joseph, MO) and standard pediatric heart rate electrodes with self-adhesive pads
were adhered to the monkey’s chest. The distal ends of the electrodes were attached to a
TM8 telemetry transmitter (Life Sensing Instruments, Tullahoma, TN) that was placed in an
inside pocket of a jacket that the monkeys wore to prevent them from manipulating the heart
rate electrodes and transmitter. The heart rate signal was received by a HST 220 telemetry
receiver (Life Sensing Instruments, Tullahoma, TN) and recorded by a computer. Software
for heart rate data collection and storage (Samsedate Heart Rate Variability System) was
developed by Autrec, Inc. (Winston-Salem, NC).

Experimental Design
Within each age group (middle-aged adults and more mature adults), monkeys were divided
into 3 experimental groups: runners (ran on a treadmill 5 days a week for 5 months, n=4),
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sedentary controls (sat on the treadmill 5 days a week for 5 months, n=4), and a run-stop
group (ran on a treadmill 5 days a week for 5 months and then were sedentary for 3
additional months, n=4). The overall experimental design is shown in Fig. 1.

Exercise Training
Monkeys in the run and run-stop groups were trained to run on standard human size
treadmills (Model 910e, Precor, Inc., Bothell, WA), using previously published techniques
(Williams et al., 2001, 2002, 2007). Each treadmill was covered by a Plexiglas box that had
numerous air holes in the front and back panels for adequate ventilation. Initially, for several
days, all of the monkeys were acclimated to the treadmill by sitting on it and being allowed
to explore the treadmill belt and the Plexiglas box. Monkeys then learned to walk on the
treadmill and the speed and duration of each running session was slowly increased to 1.6
mph for 20 min/day. This treadmill adaptation period lasted 4 weeks. Subsequently, at the
beginning of the 5th week of the study each monkey underwent maximal exercise testing
(described below), and their prescribed exercise regimen was individually determined as 1
hour of running, 5 days a week, at a speed equivalent to 80% of maximal aerobic power as
determined by maximal exercise testing. Monkeys gradually increased speed and duration at
each running session, until they reached their individual target speed. Each monkey’s target
amount of running was adjusted after a second maximal exercise test, performed at week 12
of the study, so that they continued to train at 80% maximal aerobic power. Sedentary
control monkeys sat on the immobile treadmill 5 days a week throughout the entire study.

Maximal Exercise Test Procedures
At intervals throughout the experiment (5th, 12th and 24th weeks for all monkeys and at the
30th and 36th weeks for the run-stops), each monkey in the exercise group completed
maximal aerobic power tests performed on a treadmill. This procedure follows the well-
accepted practice of performing maximal exercise testing to determine peak oxygen
consumption and thus cardiorespiratory fitness in humans (Balady and Weiner, 1987). Our
index of maximal aerobic power was the maximal speed obtained prior to signs of fatigue
during the maximal exercise test as described below. Prior to the maximal exercise test,
heart rate was recorded in the monkey’s home cage. The monkey was then transported to the
treadmill and heart rate was recorded while the monkey was sedentary on the treadmill.
Running was then initiated at a speed of 0.8 miles per hour (mph; 1.28 km/h) and speed was
increased by 0.2 mph every 2 minutes until the monkey was no longer able to keep pace
with the treadmill. Heart rate was recorded for six seconds at the end of each speed interval.
Once the monkey reached the maximum speed it could run the treadmill was stopped briefly
and then running was reinitiated at 0.8 mph for a five-minute recovery period. Heart rate
was recorded at 1, 3 and 5 minutes during the recovery period.

Submaximal Exercise Test Procedures
To assess biochemical adaptations to the endurance training, monkeys were run at a
submaximal speed (10 min at 1.8 mph) and blood samples for measurement of blood lactate
levels (3 ml/sample) were collected at rest and after the 10 min run. Training-induced
reductions in blood lactate indicate improved muscle metabolism (Brooks 1986). For
monkeys in the exercise groups, submaximal exercise tests were performed the day after
each maximal exercise test. Blood lactate levels were also measured in control monkeys,
which sat on the treadmill instead of running. Heart rate was recorded during the
submaximal tests in the monkey’s home cage, while sedentary on the treadmill, and every 2
min during the 10 min exercise period.
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Cognitive Testing Procedures
Cognitive testing was initiated with all animals during the 9th week of the study (the 5th

week of exercise training), and was performed 5 days/week until week 24. All cognitive
testing was carried out using a standard Wisconsin General Testing Apparatus (WGTA;
Meunier et al., 1997) located in a darkened, sound-attenuated room. Monkeys were placed in
a testing cage with a solid sliding access door that separated the monkey from the test tray.
Opposite the monkey’s access door was a darkened one-way vision screen behind which the
experimenter sat. When the monkey’s access door was raised the experimenter was
concealed from the monkey. This was the practice for all testing, with the exception of the
direct baiting that occurred in the spatial delayed response task, when both the access door
and the screen were raised. The test tray contained three food-wells spaced 11.4 cm apart
and aligned 9 cm in front of the testing cage. Training, followed by two types of cognitive
tasks, a spatial delayed response task and an object discrimination reversal task, were
performed with all monkeys from week 8 to week 20 of the study.

During training, monkeys were acclimated to entering the WGTA testing cage and learning
to retrieve a food reward (small pieces of fruit, nuts or candy) from the wells in the testing
tray. The treat was then covered by a plaque and the monkeys learned to remove the plaque
to retrieve the food reward. Criterion for proceeding to the spatial delay task was completion
of 20 trials of retrieving a reward from an uncovered well, 20 trials of retrieving a reward
with identical plaques covering the wells, and 20 trials of retrieving a reward with plaques
covering the wells and lowering the monkey’s access door between well-baiting and reward
retrieval. During the spatial delayed response testing monkeys were given 30 trials per test
session. In this task, one of two lateral food wells was baited with a food treat in full view of
the monkey, and then both wells were simultaneously covered with identical plaques. The
vision screen and the monkey’s access door were lowered, and after a brief delay (1–2 sec)
the access door was raised and the monkey was allowed to displace one of the plaques. If the
displaced plaque was the correct plaque, the monkey obtained a food reward. The position
of the reward in the left-right position was varied from trial to trial in a random order.
Monkeys were tested until they reached a criterion of 90% correct = 27/30 correct. Once
monkeys reached criterion they proceeded to the object discrimination reversal task. In the
object discrimination reversal task two easily discernable objects were placed over the
lateral wells of the testing tray, with the position of the objects varied from trial to trial
according to a random sequence. The monkey’s access door was lowered, and the
experimenter placed a treat under a designated object. The access door was raised and the
monkey could retrieve the treat by displacing the designated object. Once monkeys reached
90% criterion (18/20 trials correct object displacement in a single testing session) with the
designated object, the location of the treat was switched to under the other object, until
criterion was again met. Ten reversals were planned, but most monkeys did not complete all
10 reversals by the end of the study (week 24).

Collection of Brain Tissue
Monkeys were sedated with Ketamine HCl (10 mg/kg, i.m.), and then deeply anesthetized
with sodium pentobarbital (30 mg/kg, i.v.). The chest was opened and a catheter was placed
in the heart so that the tip was in the ascending aorta. The descending aorta was clamped to
direct perfusate to the brain. Approximately 1 liter of cold 0.9% NaCL containing 5,000 IU
heparin and 2% sodium nitrite was perfused transcardially, followed by 5–6 liters of cold
4% paraformaldehyde in 0.1 M potassium phosphate buffer (pH 7.2). The brain was
removed, divided into hemispheres and placed in a post-fix of 4% paraformaldehyde for 2
hours at 4 C. Subsequently the tissue was placed in 10% glycerol for 24 hours and then
placed in 20% glycerol, which was replaced every 24 hours, until the tissue sank to the
bottom of the container. Tissue was stored at −20 C and shipped from Pittsburgh to Urbana.
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Immunohistochemistry procedure
Prior to immunohistochemistry, the brains were transitioned through 7 changes of 30%
sucrose in Tris buffered Saline (TBS, 50 mM Tris, 150 mM NaCl pH 7.4). Coronal frozen
sections at 40 µm thickness were prepared with a cryostat and collected into a 30% sucrose,
30% Ethylene glycol TBS solution. Anti-human CD31 (PECAM-1) antibody (DAKO) was
used for labeling blood vessels in monkey brain. CD31 is a cell-cell adhesion glycoprotein
that is expressed on endothelial cells and the surface of platelets (Albelda et al. 1990, 1991).
This has been used as a vascular endothelial cell marker in studying brain vascular structures
(Uranishi et al. 2001, 2002).

We selected sections through the precentral gyrus containing the primary motor cortex (−9
mm to approximately −13 mm posterior to the anterior commissure; Martin and Bowden,
2000). Free-floating sections were rinsed in water to remove the 30% sucrose, 30% ethylene
glycol cryoprotectant. After sequential treatment with 0.5% Triton X-100 in TBS/2% normal
goat serum (NGS) and 0.3% H2O2 TBS/ 2% NGS, the sections were incubated with anti-
human CD31 antibody diluted 1:100 in TBS/2% NGS for two days. On the third day, the
sections were washed (2% NGS in TBS) and transferred to a secondary antibody solution
(biotinylated anti-mouse IgG diluted 1:200 in 2% NGS in TBS) for 2 hours at room
temperature. The tissue was then washed 3 times 2% NGS in TBS and incubated in Avidin
Biotin Complex solution (Vector Laboratories) for 60 min at room temperature. The sections
were then washed in phosphate-buffered saline (PBS) followed by Tris buffer. Sections were
transferred to a diaminobenzidine (DAB) solution (100 mg DAB, 1.39 g nickel ammonium
sulfate) for 10 minutes. The sections were washed and mounted on slides. Blood vessels
stained with this procedure were clearly delineated with virtually no background
immunoreactivity (Fig. 2A, C).

Measurement of vascular volume fraction
All slides were coded and analyzed blindly without coder knowledge of individual subject
treatment conditions. Precentral motor areas in four sections from each animal were
observed at 250X and marked with a marker pen using a camera lucida. Gray matter/white
matter boundaries were easily demarcated by the higher vascular density than white matter
(Fig. 2A). The gray matter was divided into 4 equal, arbitrary zones, (superficial to deep:
Zones A–D), and the vascular volume fractions of 8 sampling regions from each zone were
collected based on an unbiased point counting method (Fig. 2 B). The image from each
region was analyzed using a camera lucida projection of a 40 µm equivalent grid and the
number of grid points coincident with labeled vessels was marked (Fig. 2C). The vascular
volume fraction was calculated based on the ratio of the number of coincident grid points to
the total number of points in the reference area/volume according to the stereological
procedures of Gundersen et. al (Gundersen et al., 1988;Swain et al., 2003;Ding et al., 2006).
As the vessels were observable throughout the section thickness and blood vessels never
obscured others in that volume, the reference volume was not adjusted for section thickness.
Thus any underestimate of true reference volume was constant across groups.

Statistical Analyses
For each physiological variable an initial analysis was performed to determine if there were
significant differences between middle-aged and mature animals, using a Student’s t-test, or
two-way analysis of variance (ANOVA) for repeated measures, as appropriate. If significant
differences were detected all further analyses were performed separately in the middle-aged
and mature animals, but if no significant age differences were detected the age groups were
combined for further analyses to test the effects of exercise. Changes in fitness parameters,
including maximum speed and maximum heart rate achieved during maximal exercise tests
and lactate levels during submaximal exercise tests were analyzed using repeated measures
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ANOVAs, followed by least squares means post-hoc tests where appropriate, with a
Bonferroni correction used when multiple comparisons were made. Paired t-tests were used
to examine parameters measured at the beginning and the end of the training period,
including calorie consumption and body weight. All other differences between runners and
controls were assessed using Student’s t-tests.

Analysis of vascular volume fraction initially examined the interaction between age (middle
aged and more mature adults) and treatments with the Friedman test within the SAS
program (ver 9.13). Because there was an interaction between age and treatment, the two
ages were examined separately. The effects of exercise were analyzed with the Kruskall-
Wallis test using multiple comparisons (Miller, 1981).

Results
Changes in Fitness

At the start of exercise training, the middle-aged animals were more fit than the more mature
animals, as indicated by significantly lower plasma levels of lactate after 10 minutes of
submaximal exercise (Fig. 3A vs 3B, week 5; p=0.005), as well as their ability to reach a
significantly higher maximal speed in the initial test (Fig. 4A1 vs 4B1: p=0.047).

With exercise training, both middle-aged and more mature adults became progressively
more fit, with the subsequent submaximal exercise tests inducing little or no rise in plasma
lactate concentrations by the end of week 12 in middle-aged monkeys, but not until the end
of week 24 in the mature monkeys (Fig. 3 A, B). Furthermore, exercise resulted in
significant increases in maximal speed attained in the subsequent maximal exercise tests
(p<0.05; Fig. 4 A, B).

When exercise training was terminated at the end of week 24 of the study, the animals in the
run-stop groups experienced a decrease in fitness over the following 12 week sedentary
period, as indicated by a decline in maximal speed attained during the maximal exercise
tests performed at 30 and 36 weeks to levels comparable to those measured at the initiation
of the study (Fig. 4 A, B). In the post-exercise training sedentary period there were no
significant differences between middle-aged and more mature adult run-stop animals
detected during the maximal exercise tests. While maximal speed obtained showed a decline
during the sedentary period, an accompanying increase in plasma lactate levels with
submaximal exercise was not apparent (Fig. 3A, B: RS columns).

There were no significant differences between middle-aged adult and more mature adult
animals in other parameters measured over the course of the study. There was, however, a
significant decrease in body weight in both runners (7% decrease, p=0.001) and controls
(9% decrease, p=0.05) from the beginning to the end of the study. There was also a slight,
but not significant increase in calorie consumption in both runners (6% increase, p=0.089)
and controls (9% increase, p=0.276) over the course of the study. All animals maintained
relatively regular menstrual cycles throughout the study, with no differences between
runners (4.6±0.3 menstrual cycles/5 months) and controls (3.9±0.4 menstrual cycles/5
months).

Cognitive Testing
Cognitive testing data from the two age groups were combined for all analyses of the effects
of exercise because no differences were found between the groups in any aspect of their
performances. Runners learned to move plaques to retrieve rewards in the WGTA twice as
fast as the sedentary control animals (Fig. 5A, p=0.05). Runners also showed a higher level
of participation in the first cognitive test, the spatial delayed response task, performing

Rhyu et al. Page 7

Neuroscience. Author manuscript; available in PMC 2012 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significantly more trials (Fig. 5B, p=0.001) than control animals. However, the runners also
made more errors than the control animals (p=0.003), and thus had an overall error rate
comparable to sedentary control animals (Fig. 5C, p=0.26). There were no significant
differences between runners and sedentary controls in the object recognition reversal task
(data not shown). During the initial learning of this task runners and sedentary controls
performed similarly with regard to the number of trials performed to meet criterion (90%
correct; p=0.794), and the number of errors made (p=0.753). Both runners and controls
showed a significant increase in the number of trials needed (runners, p=0.002; controls,
p=0.003) and number of errors made (runners, p=0.001; controls, p=0.001) in meeting
criterion after the first reversal, but there were no significant differences between the runners
and sedentary controls. During the second and third reversals the runners and sedentary
controls both improved their performance, requiring fewer trials and making fewer errors,
but again there were no differences between runners and sedentary controls.

Vascularity in the Motor Cortex
The vascular volume fraction of the mature adult monkey running group was increased
significantly compared to the mature adult control monkeys (p=0.029; Fig. 6). These
changes in vascular volume fraction were observed throughout the full cortical depth
(superficial to deep: Zone A, p=0.043; Zone B, p=0.012; Zone C, p=0.039; Zone D,
p=0.077). However, the increased volume fraction induced by running was reversed during
the sedentary period that occurred after 20 weeks of running. The vascular volume fractions
of the middle-aged adult monkeys did not show any statistically significant differences.

Discussion
This is the first study to demonstrate the effects of exercise training on cognitive function in
a nonhuman primate. We found that exercising animals learned to use the WGTA
significantly faster than sedentary control animals and that the exercising animals performed
significantly more trials during a spatial delay task compared to sedentary controls. Our data
support findings from human studies that show positive effects of exercise on a broad range
of cognitive tests (Martin et al., 1997; Etnier and Berry, 2001; Khatri et al., 2001; Colcombe
and Kramer, 2003; Colcombe et al., 2003, 2006; Gordon et al., 2008). This is also the first
report of an exercise-induced increase in vascular volume in a primate species. It is
consistent with the finding that people participating in a long-term exercise program show
an improved hemodynamic response (Colcombe et al., 2004). Together, these findings
indicate that a level of exercise that is recommended for improving fitness in middle-aged
humans is sufficient to increase both the rate of learning and blood flow to the cerebral
cortex, at least during periods of regular exercise training.

In our cognitive testing studies, we found that exercising monkeys showed increased
participation in the initial cognitive tests, but that the performances of the exercising and
sedentary monkeys were similar on tests later in the training period. Specifically, we found
that exercising monkeys learned to use the testing apparatus twice as fast as sedentary
controls (Fig. 5A), and exercising monkeys completed 2.5 times as many trials as the
sedentary monkeys in the spatial delay task (Fig. 5B). However, by the end of the 20 weeks
of regular exercise we found no difference in rate of learning or performance between the
exercising and sedentary groups even though the task we used at this time, the object
reversal task, was the most complex and required the greatest degree of executive control.
Although with small group sizes (n=4/group) one is always concerned that low sample sizes
may lead to false negative data, our findings parallel the findings reported in rodent species.
In both rats and mice, exercise training for 1 week to 3 months has been shown to improve
cognitive performance using the Morris water maze and the radial arm maze (Fordyce and
Farrar, 1991;Fordyce and Wehner, 1993;Anderson et al., 2000;Cotman and Berchtold,
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2002;Vaynman et al., 2004;Leggio et al., 2005). Interestingly however, Anderson et al.
(2000) found in rats that the initial rate of learning is influenced by exercise but that later
criterion level performance was not enhanced in the exercising group. They suggested that
this might reflect an ability of practice effects to compensate for the initial group differences
between exercising and sedentary animals. Our findings, like those of Anderson et al.
(2000), suggest that mental training may obscure effects of exercise on cognitive function.
The idea that staying mentally active is a lifestyle factor that is recognized to maintain
cognitive function as people age (Fillet et al., 2002), supports the conclusion that the
performance of cognitive testing over the course of this study obscured the evaluation of
exercise effects on cognitive function by the end of the study.

We found that there were no significant differences on cognitive test performance between
our middle-aged monkeys and more mature animals, despite the fact that the older animals
were initially less ‘fit’ than the middle-aged group, as indicated by our maximal exercise test
results, and took longer to become fit (Figs. 3 and 4) during the exercise training period.
This supports findings by Radak et al. (2001) who found that conditioned pole-jumping
avoidance learning was improved by exercise in both young and middle-aged rats. However
in studies using more complex cognitive tasks, Barnes et al. (1991) showed no effect of
exercise training on spatial memory in old rats and Van Boxtel et al. (1997) showed an
interaction between age and cognitive performance in humans on several complex tasks. It is
possible that we did not see a difference in the effect of exercise on cognitive performance
as a function of age because our more complex cognitive tasks were performed later in the
experiment and performance may have been influenced by the mental training acquired by
the earlier cognitive testing (as discussed above, Bherer et al., 2008).

This report also shows a structural change in the brain related to exercise. Specifically, we
found an increase in brain vascular density with exercise in a primate species. Preliminary
data from our laboratories suggest that this increase in vascular density might be generated
by newborn vascular cells (Kohler et al, 2007; 2009). The increase in vascular density
occurs with reasonable levels of exercise that are commonly recommended for humans by
the College of Sports Medicine and the American Heart Association (Haskell et al., 2007).
The increase in motor cortex vascular density was only found in the mature group of
monkeys (15–17 yrs of age), not in the middle-aged (10–12 yrs of age) monkeys, possibly
because of differences between monkeys in these two age groups in activation of angiogenic
signaling factors such as vascular endothelial growth factor (VEGF), insulin-like growth
factor (IGF), or angiopoietins, all of which are stimulated by exercise (Carro et al., 2000;
Ding et al., 2004a, 2004b, 2006, Llorens-Martin et al., 2009). The exercise-induced,
increased vascular density that we show in the motor cortex in the present study also appears
to occur in the monkey striatum (Kohler et al., 2007) and in the motor cortex of rats (Kleim
et al., 2002; Swain et al., 2003). The link between exercise and increased vascularity in
motor areas of the brain supports the commonly held assumption of a functional relationship
between behavior neural activity and brain structure. It is reasonable to assume that such a
relationship occurs as well in brain areas related to cognitive function, such as the prefrontal
cortex, which might explain improvements in the learning rate with WGTA testing in our
exercised animals.

As humans age, morphological and physiological changes suggestive of declining function
in the vascular system have been reported. These include decreased capillary density
(Abernethy et al. 1993; Sonntag et al. 1997) and increased vascular anomalies including
perivascular collagen deposits, basement membrane thickening, and decreased number of
mitochondria (Farkas and Luiten 2001). The exercise-induced impact on brain vasculature
may be more profound when baseline vascular integrity has already begun to decline. This
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may contribute to the increased responsiveness of the vascular volume fraction of the more
mature monkeys.

These studies were performed with female monkeys only. However, previous studies in
rodents, examining the effects of exercise on cognitive function (Cotman and Berchtold
2002), as well as vascularity (Swain et al. 2003) have shown comparable effects of exercise
in males and females. This has also been true for human studies, thus we have no reason to
believe that gender differences would be expected in the response to exercise in nonhuman
primates.

In summary, we show in this report that regular exercise training at a level that is
recommended for improving fitness in middle-aged humans is sufficient to increase both the
rate of learning and vascular density in the brain in a primate species, two changes that have
been well documented in rodent studies. As it has been difficult to judge the equivalence of
exercise regimens used in rodents to those recommended for humans (Dishman et al., 2006;
Cotman et al., 2007), the finding that a level of exercise comparable to that recommended
for humans has clear effects on the brain supports the concept that other effects of exercise
that have been documented in the rodent brain, including exercise-induced increases
hippocampal dentate gyrus neurogenesis (van Praag et al., 1999; Rhodes et al., 2003; van
Praag et al., 2005), and neurotrophic factor expression (Neeper et al., 1995; Gomez-Pinella
et al., 1997; Klintsova et al., 2005; Griesback et al., 2009), may also be happening in human
brain when people participate in regular exercise programs. Future studies using this
nonhuman primate model of exercise training would be very useful in testing these
possibilities.

Abbreviations
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Figure 1.
Schematic diagram of the experimental design. Maximal exercise test abbreviated as ‘max
test’; submaximal exercise test abbreviated as ‘submax test’.
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Figure 2.
CD31 immunostaining of vasculature and sampling region. A, Immunostaining across the
full depth of the precentral gyrus, showing a clear transition to reduced vascularization in
white matter, demarcated by arrows (scale bar = 200 µm). B, Location of 8 sample regions
in 4 equal zones through the primary motor cortex (CS = central sulcus; CgS = cingulate
sulcus). C, Sampling grid superimposed on immunostained tissue. A blood vessel was
counted if it was under the center of a grid point (+). The calculated volume fraction was
equal to the total number of grid points over vessels divided by the total number of grid
points in the reference area/volume.
(Scale bar = 100 µm).
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Figure 3.
Plasma lactate concentrations in (A) middle-aged and (B) more mature monkeys, measured
in runners (R) and run-stops (RS) before and after submaximal exercise testing, or in
sedentary controls (S) before and after sitting on the treadmill. Week of testing appears
below each pair of data bars. Solid black and open bars are pre-test plasma lactate
concentrations, stippled and striped bars are post-test concentrations. Asterisks indicate a
significant difference between pre- vs. post- exercise values within a specific experimental
group. The plus sign indicates a significant difference between more mature and middle-
aged monkeys.
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Figure 4.
Maximal speed attained during maximal exercise tests in (A) middle-aged adult and (B)
more mature adult runners at the initiation of the training period (week 5, Maximal Exercise
Test 1), during the training period (week 12, Maximal Exercise Test 2) and at the end of the
training period (week 24, Maximal Exercise Test 3). Asterisks indicate a significant
difference from the maximum speed attained at Maximal Exercise Test 1. Plus sign indicates
a significant difference between middle-aged and mature runners. Note that only the Run-
Stop animals were tested in Maximal Exercise Tests 4 (week 30) and 5 (week 36).
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Figure 5.
(A) Days of training required to learn to use the WGTA in runners (solid bar; n=8) and
sedentary controls (open bar; n=8), (B) number of trials and (C) errors/trial made by runners
and sedentary controls in the spatial delayed response task. Asterisk indicates a significant
difference between groups.
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Figure 6.
Effects of exercise on volume fraction of CD31-immunostained vascular tissue in motor
cortex of runners (solid bars), run-stops (striped bars) and controls (open bars). Asterisks
indicate a significant difference between groups.
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