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Exercise is known to influence cognitive functioning. However, because protocols vary between 
experiments, optimal duration, intensity, and frequency of exercise are poorly understood. The 
current study demonstrates that intensity level plays an important role in determining the effect 
of exercise on spatial memory. This study examined the effect of varying intensities of voluntary 
wheel running in 23 Sprague-Dawley rats. Daily measures of intensity were recorded for all rats 
during three, 30-minute sessions of wheel running prior to the start of the experimental period, 
and rats were categorized as high intensity or low intensity based on average voluntary running 
speed. Rats were then individually placed in either an exercise wheel or a small cage designed to 
promote sedentary behavior for 30 minutes per day, six days per week for five weeks. All rats 
were then trained and tested in the Morris Water Maze (MWM) to determine spatial memory 
ability. It was hypothesized that rats that voluntarily ran at higher intensities during the five-
week exercise protocol would have better spatial memory in the MWM than rats that voluntarily 
ran at slower intensities and those that did not run at all. Data support the hypothesis, as rats that 
ran at high intensity during the experimental period performed better on the probe trial of the 
MWM. This study extends previous research by demonstrating a specific benefit of long-term 
high intensity exercise. This finding suggests that voluntary exercise enhances spatial memory 
ability in an intensity-dependent manner.  
 
Abbreviations:  BDNF − Brain-Derived Neurotrophic Factor; CORT − Corticosterone; MWM −	 
Morris Water Maze 
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Introduction 
 

Within the last few decades, exercise 
has emerged as an essential component of brain 
and cognitive health (see Dishman et al., 2006 
for review; Voss et al., 2011). Research in 
animals has demonstrated that exercise is 
followed by many cellular outcomes including 
neurogenesis (van Praag et al., 1999), 
upregulation of growth factors, and increased 
synaptic plasticity (Vaynman et al., 2004). 
Furthermore, these cellular changes are often 
accompanied by enhanced learning capabilities 
(van Praag et al., 1999), specifically in spatial 
learning tasks (Anderson et al., 2000; Ang et al., 
2006).  

Beneficial effects of exercise on 
cognition have also been demonstrated in 
humans, often through long-term interventions 
of exercise training (Davis et al., 2011; see 
Hillman et al., 2008, for review; Voss et al., 
2010). A long-term exercise intervention 
consists of implementing regular exercise, 
lasting from a few weeks up to one year, and 
measuring different aspects of health and 
cognition. Studies employing this paradigm 
have shown that chronic exercise can increase 
general cognitive functioning across the lifespan 
and decrease risk of dementia in older adults 
(Kramer and Erickson, 2007; Voss et al., 2010). 
Studies such as these are crucial, as current rates 
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of dementia are increasing and research can 
elucidate ways to optimize cognition across the 
lifespan.   

While research in the field of exercise 
neuroscience has clarified many of the cellular 
and cognitive effects of exercise, evidence is 
lacking regarding the types of exercise 
programs that may lead to optimal cognitive 
benefits. For example, it is difficult to find 
evidence-based answers to questions concerning 
duration, frequency, and intensity of exercise. 
As a focus on the latter, the present study 
employs a novel paradigm in an animal model 
to examine varying intensities of exercise and 
associated cognitive abilities. 
Exercise and spatial memory. Previous studies 
have found that exercise has a preferential effect 
on learning and memory, particularly spatial 
memory (Blustein et al., 2006; Vaynman et al., 
2004). This is unsurprising, given that 
molecular changes following exercise are found 
primarily in the hippocampus, the region of the 
brain underlying spatial memory functions 
(Vaynman et al., 2004). The hippocampus 
enables animals to learn and remember the 
locations of objects in relation to themselves 
and to other objects within an environment, 
among many other functions (van Praag et al., 
1999). The Morris Water Maze (MWM) is a 
reliable assay of spatial memory, frequently 
used to measure cognitive changes following 
exercise programs in animals (Blustein et al., 
2006; Kennard and Woodruff-Pak, 2012; 
Vaynman et al., 2004). The MWM (Morris, 
1984) challenges rats to learn extra-maze spatial 
cues in relation to a hidden platform in a large 
pool of water and then remember those cues for 
multiple days in order to find the platform. The 
extra-maze cues may consist of large, unique 
objects in the room, such as doors, windows or 
colorful or uniquely shaped signs. For the 
current study’s purposes, this test provided a 
specific measurement of spatial learning and 
memory, as rats learned to associate the 
platform with a unique location.   
Exercise protocols. Protocols differ widely 
across studies of physical exercise. This leads to 
variable and often confusing outcomes (Blustein 
et al., 2006; Lou et al., 2008). For example, in 
studies that focus on duration of exercise or 
total distance run, intensity levels differ, both 

between animals and across studies. 
Unfortunately, authors rarely account for these 
differences.  
 In one of the only studies to specifically 
examine the effects of different levels of 
intensity, Lou and colleagues (2008) forced rats 
to exercise at varying intensities. The results 
supported an intensity-dependent theory of 
exercise effects. Surprisingly, they found that 
brain-derived neurotrophic growth factor 
expression (BDNF), which is often positively 
associated with cognitive functioning, was 
higher in low-intensity exercise than in 
moderate- or high-intensity exercise. This led 
them to conclude that low intensity is more 
beneficial (Lou et al., 2008). However, prior 
research has found that employing forced, rather 
than voluntary, exercise drastically impacts the 
expression of neurotransmitters and growth 
factors (Dishman, 1997; Ploughman et al., 
2005), and elicits changes in certain cognitive 
functions (Leasure and Jones, 2008). Forced 
exercise paradigms often use treadmills that 
have a shock on one end in order to punish the 
rat for running too slowly (De Bono et al., 2005) 
and Blustein and colleagues (2006) have 
demonstrated that foot shock causes an acute 
rise in corticosterone (CORT), the main stress 
glucocorticoid in the rat adrenal system (Brown 
et al., 2007). Acute increases in CORT can 
result in negative neurotrophic and cognitive 
changes (Wellman, 2001), which may explain 
the finding of higher levels of BDNF following 
low-intensity exercise in the study by Lou and 
colleagues (2008). It is likely that in the high 
intensity group, due to the high speed of the 
treadmill (which presents the potential for more 
frequent shocks), the stress experienced by the 
rats was of a higher degree than that experienced 
by the low-intensity group. Because forced 
exercise paradigms, unlike voluntary, have been 
shown to increase levels of CORT in a manner 
similar to restraint or electric shock alone 
(Hayes et al., 2008; Stranahan et al., 2008), a 
similar experiment performed using a voluntary 
exercise paradigm may be expected to conflict 
with the findings from Lou and colleagues 
(2008). 
Aim and Hypothesis. This study tested whether 
long-term voluntary running would impact 
cognition in an intensity-dependent manner to 
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alter spatial learning in the MWM. It was 
hypothesized that rats that voluntarily ran at 
higher intensities for a five-week exercise 
protocol would have better spatial memory 
performance in the MWM than rats that 
voluntarily ran at lower intensities and those 
that did not run at all. 
  
 
Material and Methods 
 
Subjects 

This study started with 30 male Sprague 
Dawley rats. All experiments were performed in 
accordance with the National Institutes of 
Health (NIH) Public Health Service Policy on 
Humane Care and Use of Laboratory Animals 
and were approved by the Institutional Animal 
Care and Use Committee of Knox College. 
Sprague Dawley rats were chosen for their mild 
temperment, ease of handling, and 
predisposition to differences in individual 
running speeds. Rats were obtained from Harlan 
Laboratories in Indianapolis, IN, and the colony 
was maintained at 21° C. When the experiment 
began, all rats were between the ages of 21-28 
days old. The experiment spanned the juvenile 
and adult phases. At the completion of the 
experiment, all rats were approximately 2.5 
months old. 

When not on the running wheel, rats 
were housed in groups of 5-6 on a reversed 12-h 
light/dark cycle (dark began at 11:00 am) with 
food and water available ad libitum. All animals 
were held by an experimenter for five minutes 
per day for one week prior to the first stage of 
the experiment to establish familiarity.   
 
Procedures 
Intensity Screening. Thirty 21-28 day old rats 
were pre-screened for natural voluntary running 
intensity (distance/time) during a three-day 
period. Each rat was allowed one 30-minute 
running wheel session per day between the 
hours of 10:00 am and 12:00 pm, just prior to 
the beginning of the dark cycle, when rats are 
generally most active (Dishman, 1997; 
Eikelboom and Mills, 1988). This specific time 
was chosen to maximize the potential for high 
intensity running. The total distance was 

recorded in order to compute an average speed 
for each rat. Of the 30 rats, 24 were chosen: the  
12 with the highest average intensity (range: 
6.35-11.53 m/min) and the 12 with the lowest 
average intensity (range: 0-4.28 m/min). This 
three-day trial also functioned to expose the rats 
to the novel environment prior to the five-week 
exercise period. Ultimately there were only 23 
rats in the study, as one that turned out to be 
female was dropped from the exercise group. 

From each intensity group, six rats were 
assigned to the exercise condition (high-
intensity exercise: n=6 and low-intensity 
exercise: n=6) and six were assigned to the 
sedentary condition (high-intensity sedentary: 
n=6 and low-intensity sedentary: n=6). This was 
done to lessen the potential that a relationship 
between running ability and intelligence would 
affect only one experimental group.  
Experimental protocol. All rats in the exercise 
condition were placed in a voluntary running 
wheel for 30 min six days/week for five weeks. 
The wheel was enclosed such that the animal 
remained in the wheel for the 30-min period, but 
movement was voluntary. The exercise period 
took place between 10:00 and 11:00 am. 
Running wheels were connected to a counter 
that recorded each revolution. The number of 
revolutions was recorded for each five-minute 
interval within the 30-minute session. Each 
revolution covered a distance of 1.1 meters. 
Average intensity (distance/time) was calculated 
for each five-min interval. This interval was 
chosen to maximize accuracy of measurements.  

All rats in the sedentary condition were 
placed in an isolated cage for an equivalent 30 
min/day, six days/week for five weeks to keep 
the context change in both conditions as similar 
as possible and to promote inactivity. 

For accuracy purposes, intensity 
groupings were reassigned for rats in the 
exercise condition following the experiment. 
Based on findings and cutoff points used by 
Leasure and Jones (2008), rats were ranked 
according to the percentage of total running time 
that each rat spent above 15 m/min. A median 
split was performed, leaving six subjects in the 
high-intensity group and five subjects in the 
low-intensity group. Minor changes occurred 
during reassignment. Namely, one rat that was 
originally labeled as low intensity consistently 
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ran at high speeds during the five-week exercise 
protocol. This was likely due to this rat’s initial 
discomfort with the running wheel. As a result, 
the rat was reassigned to the high intensity 
category. 

For rats in the sedentary condition, 
intensity categorization was determined by the 
average speed data from the three-day screening 
process (high-intensity sedentary: n=6, low-
intensity sedentary: n=6). Due to experimental 
design, sedentary rats had minimal speed data 
compared to rats in the exercise condition. 
However, as most exercise-condition rats 
remained in the same category following 
reassignment, it is presumed that the original 
labels were sufficiently accurate. 
 
Cognitive testing   
 The effect of exercise on spatial 
memory was tested using the MWM test 
(Morris, 1984).  
Apparatus. A clear, submerged bucket served as 
a platform in a metal (166cm diameter, 59cm 
depth) pool filled with 35-cm of room-
temperature water. Water height reached 2.54 
cm above the platform. The pool was separated 
into four quadrants (hereafter known as 
(A,B,C,D), marked by wires above the pool that 
were visible only to the experimenter. The room 
was maintained at 18° C and animals were kept 
in heated cages following MWM trials until 
they were returned to normal cages.  
Procedure. Testing began after five weeks of 
exercise or sedentary behavior. Eleven exercise-
condition and 12 sedentary-condition rats were 
tested using a five-day protocol (Gomez-Pinilla 
et al., 2008; Vaynman et al., 2004). Rats were 
tested individually and given four training trials 
at approximately the same time each day for 
four days, with a final testing trial on day five. 
Each rat was removed from its cage and placed 
in one quadrant of the pool of water facing the 
center of the maze for four trials, in the 
predetermined random order of D, B, C, A. The 
location of the platform remained constant 
(quadrant A), while the release point for each 
trial changed. Each trial lasted 120 seconds or 
until the rat reached the submerged platform. To 
facilitate spatial memory, the rat was allowed to 
remain on the platform for 30 seconds, after 
which it was removed and allowed to rest for 

one minute before the next trial began. If the rat 
did not reach the platform within 120 seconds, 
the experimenter would manually guide the rat 
to the platform and allow it to remain for 30 
seconds before the next rest period began. On 
day five, 24 hours after the last training trial, the 
platform was removed from the water maze. 
Each rat was given one test trial in which it was 
released from quadrant D and given 120 seconds 
to swim. The amount of time spent in quadrant 
A, where the platform had previously been 
located, was recorded as a measure of spatial 
memory based on the previous days’ learning. 
 
Statistical Analysis 
 Intensity level and MWM 
performance were analyzed using a between-
subjects two-way analysis of variance 
(ANOVA). For rats in the exercise condition, 
intensity was also measured as a percentage: 
time spent running at speeds higher than 15 
m/min out of the total time spent in the running 
wheel. Rats were rank-ordered according to this 
percentage. MWM performance and intensity as 
a continuous variable were analyzed with a 
correlation analysis. For all statistical analyses, a 
P value of less than 0.05 was considered 
significant.  
 
 
Results 
  

ANOVA revealed a significant 
interaction between exercise condition and 
intensity level, F(1,19)=6.06, p=0.024. Rats in 
the exercise condition that ran at high intensities 
performed significantly better on the MWM 
than rats that ran at low intensities and rats that 
did not run at all (see Figure 1). Analyzed 
independently, neither a main effect of exercise 
condition, F(1,19)=2.64, p=0.121, nor intensity, 
F(1,19)=3.70, p=0.069, significantly affected 
maze performance.  

A correlation analysis revealed a strong, 
positive correlation between MWM 
performance and intensity (see Figure 2), 
r(21)=0.748, p=0.008).  
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Figure 1. Performance on MWM, as measured by 
percentage of time spent in target quadrant, was dependent 
on intensity of voluntary exercise, as measured by average 
speed (distance/time) over the five-week experimental 
period, in 23 rats. Rats in the exercise condition that were 
categorized as high intensity (dark grey) performed 
significantly better than any other group (light grey) 
(F(1,19 = 6.06, p=0.024). No main effect of exercise 
condition or intensity was found in relation to maze 
performance. Error bars represent standard error of the 
mean of each category.  
 

 

 
 
Figure 2. A strong positive correlation (r(21)= .748, 
p<.01) was found for all 11 exercise condition rats 
between performance on the MWM and the continuous 
variable of intensity. Intensity was determined for each 
animal by the percentage time that exceeded an average 
speed of 15 m/min out of the total time spent on the 
running wheel. The rats that had greater percentages of 
time spent running at high speeds were subsequently better 
at the memory task.      

 
 
Discussion 
 

This is the first study to examine the 
cognitive effects of varying intensities of 
exercise by labeling rats as high or low intensity 

based upon voluntary running speed and then 
implementing a long-term voluntary exercise or 
sedentary intervention. The current study 
primarily found that, following a long-term 
intervention, rats that participated in high-
intensity, voluntary wheel running had better 
spatial learning and memory performance than 
rats that performed low-intensity exercise and 
those that did not have access to a running 
wheel. The study secondarily found that 
intensity acted as a continuum, with greater 
intensities of wheel running conveying greater 
benefit to spatial memory. The strong, positive 
correlation found between scores on the MWM 
and the percentage of running time that was 
spent above 15 m/min suggests that spatial-
memory performance may be a function of 
increasing exercise intensity. 

The results from this study demonstrate 
that high-intensity exercise had a beneficial 
impact on cognitive processes in rats even when 
time spent in the experimental exercise 
paradigm was limited to 30 minutes per day. 
Importantly, many previous studies of voluntary 
running have allowed 24-hour access to the 
wheel (Burghardt et al., 2004; van Praag et al., 
1999; Vaynman et al., 2004). One study 
(Leasure and Jones, 2008) even stated that 
improved performance on the MWM is only 
significant when constant running wheel access 
is available to voluntary runners. The current 
results suggest that this is not true in all 
circumstances. Rats that underwent five weeks 
of exercise, during which access was limited to 
30 minutes per day, still showed significantly 
higher scores on the MWM.  

In the current study, it was surprising 
that there were no significant differences of 
MWM performance among any groups other 
than the high intensity exercise group. It was 
hypothesized that rats in the low intensity 
exercise group would exhibit better MWM 
performance than all sedentary rats based on the 
known benefits of exercise (van Praag et al., 
1999), regardless of intensity. This was not 
found to be the case. Rats in the low-intensity 
exercise group did not perform significantly 
better than either the high-intensity sedentary 
group or the low-intensity sedentary group.  

In support of the previous studies that 
found enhanced memory performance only 
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when running wheel access was unlimited 
(Burghardt et al., 2004), the current results 
suggest that time and intensity may work 
together as important factors for determining 
cognitive outcomes in rats, such that 
lengthening the time of running-wheel access 
can make up for the lesser effect of low 
intensity exercise. The current study captured 
the benefits of limited access to high-intensity 
exercise, but not the potential benefits of 
unlimited wheel running.  
Limitations. One reason intensity has not been 
studied in voluntary exercise is that running 
speed is not always consistent, making it 
difficult to record and analyze. This tendency 
was found by Eikelboom and Mills (1988), 
when wheel turns of voluntarily exercising rats 
were recorded every 20 seconds. Typically, an 
animal will run in short bouts at a preferred 
speed, which is labeled the cruising speed. This 
speed is generally much higher than averages 
that are recorded over longer periods of time by 
simple odometers (De Bono et al., 2006). 
Similar speed inconsistencies were frequently 
observed in the current study. Certain animals 
had a tendency to repeatedly run for short 
periods of time at speeds that would not have 
been captured by the 5-min interval. Smaller 
intervals may provide more accurate intensity 
measurements, as suggested by the 20-second 
recordings from Eikelboom and Mills (1988). 
Better characterization of running would have 
enhanced the study by allowing for more 
comparisons of intensity and spatial memory 
performance.  

A second limitation was presented by 
allowing the rats to self-select intensity 
groupings. It is possible that rats that voluntarily 
run faster are more likely to have inherently 
enhanced cognitive skills. Greater MWM 
performance at the end of the five-week 
experimental period could potentially reflect 
this bias, rather than an actual effect of long-
term exercise. To account for this confound, rats 
were identified based on initial voluntary 
running speed and then assigned an 
experimental condition, such that both exercise 
and sedentary conditions had equal numbers of 
rats predisposed to high- and low-intensity 
exercise. By assigning rats from each initial 
intensity group to both experimental conditions, 

it was possible to determine if inherent running 
speed had a relationship with performance on 
the MWM. The fact that no difference in 
performance was found between the low- and 
high-intensity groups within the sedentary 
condition suggests that spatial memory ability is 
impacted by the prolonged running paradigm, 
rather than inherent physical and cognitive 
characteristics. However, given the presence of 
self-selection in the methods of the current 
study, the cause and effect relationship between 
exercise intensity and spatial memory 
performance remains speculative.   
Future directions. An important future direction 
for this line of research will be to examine the 
underlying mechanisms for the relationship 
observed in the current study. Given what is 
known about the importance of growth factors 
for cognitive functioning, it would be reasonable 
to hypothesize that certain growth factors would 
increase at a rate proportional to the differences 
observed in spatial memory ability following an 
exercise program. Specifically, BDNF has been 
implicated as a mediator for the cognitive 
changes observed following exercise (Vaynman 
et al., 2004). Studies have found differential 
BDNF expression with varying duration (Neeper 
et al., 1996) and varying intensity levels of 
forced exercise (Winter et al., 2007). It would 
therefore be relevant to assay BDNF expression 
in animals that have voluntarily exercised at 
different intensities.  

While animal research of this nature is 
useful and necessary for understanding 
physiological relationships, it is important that 
experimental paradigms be developed for human 
research. Since exercise is known as a cognitive 
enhancer in humans (Hillman et al., 2008; 
Kramer and Erickson, 2007), it has become 
essential to determine the duration, intensity and 
frequency of exercise programs that can provide 
optimal benefits for human cognitive functions. 
Current guidelines for human physical activity 
state that additional health benefits can be 
gained with increasing intensity of activity (U.S. 
Department of Health and Human Services). 
However, very little is known about the detailed 
nature of this relationship or about the specific 
cognitive effects that may occur. A relevant 
study in humans could include varying 
intensities across a long-term intervention, 
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before and after which it would be useful to 
measure spatial memory ability, as the 
hippocampus and spatial memory have also 
been found as preferential benefactors of 
exercise in humans (Erickson et al., 2010).  

Recent development of a virtual water 
maze task for humans, analogous to the MWM 
for animals, has promise for bridging the gap 
between animal and human research on spatial 
memory. The virtual water maze has been used 
to examine the relationship between aerobic 
fitness and spatial learning in adolescents, 
(Herting and Nagel, 2012), as well as to assess 
spatial memory in patients with hippocampal 
damage (Astur et al., 2001). Such studies have 
demonstrated the usefulness of the virtual water 
maze and the direct translational potential of 
this technique. Specifically, the virtual water 
maze presents exciting opportunities for 
studying specific effects of human exercise on 
spatial learning and memory.  

The present study both supports and 
extends previous findings concerning beneficial 
effects of physical activity. Rats that voluntarily 
ran at higher intensities performed better on a 
spatial memory task. These results demonstrate 
the value of developing new paradigms for 
examining characteristics of exercise programs, 
specifically intensity and type of exercise. As 
exercise has been established as a low-cost, 
accessible method for positively influencing 
cognitive ability, more research is needed to 
elucidate the most effective ways to obtain the 
cognitive benefits of exercise.     
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