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Exercise influences spatial learning in the radial arm maze
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Abstract

Previous studies indicate that the hippocampus is active during exercise, and that neurotrophin expression, receptor density, and survival
of dentate gyrus granule cells in the hippocampus can be modified by moderate voluntary exercise. The present study was designed to test the
consequences of voluntary exercise on a hippocampal-related behavior. Exercising and control rats were tested on the standard and delayed
nonmatch-to-position (DNMTP) version of the eight-arm radial maze, both of which are sensitive to hippocampal damage. Voluntarily
exercising rats ran in running wheels attached to their home cage for 7 weeks prior to and throughout testing, and took 30% fewer trials to
acquire criterion performance than sedentary controls. Both groups spent the same average time per arm. Once the eight-arm maze had been
learned to criterion, group differences were not apparent. Exercise can facilitate acquisition of a hippocampal-related spatial learning task, but
does not affect performance following acquisition. Further work will be necessary to link these effects to hippocampal-related variables
shown to be influenced by exercise. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Accumulating evidence suggests that physical exercise
can affect hippocampal neurochemistry [1-3], neuronal
activity [4—7], trophic factor expression [8,9], granule cell
proliferation and survival [20], and neuronal survival after
ischemia [10]. These findings raise the question as to whether
exercise can influence hippocampal-related behavior.

A well-known hippocampal-related behavior in rodents
is spatial learning [11,12]. In the Morris water maze,
exercising rats and mice relative to controls have been
reported to spend a greater proportion of time in the
quadrant containing the escape platform, but have equal
swim speeds to controls [1,3]. Rodents in the same studies
were shown to have exercise-induced changes in hippo-
campal variables. It is difficult to discount exercise-related
differences in physical fitness and responses to stress [13]
as potential confounding factors because swimming re-
quires physical effort and is an effective stressor. For this

* Corresponding author. Tel.: +1-631-632-7821; fax: +1-631-632-
7876.
E-mail address: banderso@psychl.psy.sunysb.edu (B.J. Anderson).

reason, it would be interesting to test whether or not
exercise can influence spatial learning in a nonstrenuous
and nonstressful task.

The present study employed the eight-arm radial maze to
test for differences in acquisition and criterion level perfor-
mance between an exercising group and a control group of
rats. Exercising rats were given access to running wheels 7
weeks prior to and during maze testing. All rats were tested
on the standard version of the radial arm maze (RAM)
followed by a variant of that task, the delayed nonmatch-to-
position version (DNMTP [14,15]).

2. Materials and methods
2.1. Animals

Twenty-one Long—Evans hooded female rats obtained
from Charles River were housed to 5 months of age. Three
littermate sets were divided equally into two conditions: a
control condition (IC, »=10) and a voluntary running
condition (VX, n=11) so that both groups had the same
average weight (291.35 g).
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Rats in both groups were housed individually in standard
tub cages. Rats in the VX group had running wheels (34 cm
diameter x 10.5 cm width) attached to their cage. Wheel
rotations were recorded electronically with custom soft-
ware. A LED in the wheel entryway prevented collection
of rotations made by spinning the wheel with a forepaw.
Rats were in their conditions for 7 weeks before the start of
maze training.

Water restriction began 1 week before maze training, and
was maintained throughout testing. Water was given twice a
day to prevent dehydration in the VX group. To overcome
the concern that VX animals would be water-deprived more
than control animals, we gave the VX rats 6 min of water 4
h prior to testing, whereas the IC rats received 4 min of
water. After maze testing, rats in the VX and IC conditions
were given access to water bottles for 35 and 30 min,
respectively. Over the 3-month period of this water restric-
tion schedule, both groups had the same percent body
weight relative to their prerestriction body weight (93%).

All rats had free access to water on weekends. VX rats
were fed ad libitum. IC feeding was yoked to the VX
consumption to prevent rats in the former group from
overeating, which they have been shown to do [16]. The
colony was maintained on a 12/12 light/dark cycle at a
temperature of 22°C. Training and testing occurred during
the dark phase.

2.2. Apparatus

Behavioral training and testing were conducted in a
standard eight-arm radial maze elevated 36 in. from the
floor with arms extending from a central arena with a
diameter of 35 cm. Arms were 58 cm long and 9 cm wide
with a small recess at the end. The positions of extramaze
cues, including a wall poster, tables, cabinets, and the
experimenters, remained constant throughout all phases of
the experiment.

2.3. Behavioral training and testing

All rats were removed from their home cages and
transported in identical tub cages from the colony room to
the testing room 5 days a week. Each arm was baited with a
drop of water. Two experimenters, blind to the treatment
group of the animals, recorded arm entrances and total time
for each animal in the maze. No habituation sessions were
given; data collection began with the first exposure to the
eight-arm maze.

There were two phases to the maze testing: (1) RAM
testing and (2) DNMTP testing. Rats were removed from
the maze when they completed one of the following: (a)
seven water rewards obtained from at least eight arm
entries (considered a successful completion); (b) eight
different arms entered with or without taking a reward;
(c) 16 arms entered without entering eight different arms;
or (d) 5-min duration in the maze. The total time for each

trial and total number of arms visited were recorded.
Proactive errors were recorded and were defined as the
number of reentries into arms previously visited. Rats
reached criterion performance and were switched to
DNMTP training when they had successful completion
of the task on five of six sequential trials.

During the predelay period of DNMTP trials, four
randomly selected arms were blocked with clear plastic
barriers while the remaining four open arms were baited
with water. After visiting each arm and returning to the
center of the maze, rats were removed from the maze and
placed into individual plastic cages for a 1-h delay. Correct
choices, proactive errors, and time within the maze were
recorded. During the postdelay period of the trials, all arms
were open and only the previously blocked arms were
baited. Retroactive errors, reentry into arms that were
entered during the predelay period, were recorded. During
the training phase, a trial ended when the rat made four
correct choices. Rats reached criterion performance and
were moved into the testing phase when they obtained four
correct choices within the first six entries, for five of six
consecutive trials. DNMTP testing consisted of 10 testing
trials in which rats were allowed only four choices in the
postdelay period.

2.4. Statistical analyses

All dependent variables were analyzed with a general
linear model analysis of variance (ANOVA; group by litter).

3. Results

VX rats ran an average of 6185 rotations per day
(SEM = 459) prior to water restriction and 5157 rotations
per day (SEM =424) during water restriction. Over the
course of the experiment, rats in both groups maintained
comparable weights.

3.1. RAM testing

A two-way ANOVA (group by litter) revealed a main
effect of group on the number of trials to reach criterion, but
no main effects of litter on any measures. VX rats took 30%
fewer trials to reach criterion than IC rats on the standard
eight-arm radial maze task, F(1, 2)=7.48, p<0.05 (see
Fig. 1A). The average time spent per arm during precriter-
ion trials was equal across groups, F(1, 2)=1.87, p>0.05
(see Fig. 1B). During the five trials of criterion perfor-
mance, the two groups had no significant differences in the
number of errors, F(1,2)=0.01, p>0.05, and no differ-
ences in the average amount of time spent in each arm, F(1,
2)=0.003, p>0.05.

A repeated measures ANOVA on the number of entries
over the first 10 trials revealed a significant group effect,
F(1, 16)=5.99, p<0.05 (see Fig. 2) and within-subjects
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Fig. 1. Standard RAM. (A) The VX group took significantly fewer trials
than the IC group to reach criterion on the RAM, F(1, 2) =7.48, p <0.05.
(B) Both groups of rats spent approximately the same average time per
arm, F(1, 2)=1.87, p>0.05. * p <0.05. Error bars indicate standard error
of the mean.

effect over trials, (9, 144)=2.5, p <0.05, but no interac-
tion (p>0.05). The VX group average indicated that they
consistently entered fewer arms before reaching the daily
criterion for maze completion. Analyses were not performed
on data after trial 10 because trial 10 was the last trial of
testing for two subjects in the VX group.

3.2. DNMTP testing
No main effect of litter was revealed for any dependent
measure during the DNMTP testing. During predelay, no

significant differences were found between the two groups
in the number of proactive errors per trial, F(1, 2)=2.25,
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Fig. 2. Daily arm entries by group during acquisition of the RAM. The VX
group entered significantly fewer arms prior to reaching the daily criterion
than the IC group, F(1,16)=5.99, p <0.05. Error bars indicate standard
error of the mean.
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Fig. 3. DNMTP testing. (A) The IC and VX groups did not differ
significantly in the number of proactive errors made during predelay, F(1,
2)=2.25, p>0.05, and postdelay periods, F(1, 2) =0.29, p > 0.05. (B) The
IC and VX groups did not differ significantly in the number of retroactive
errors made during postdelay, F(1, 2) =4.13, p > 0.05. (C) The IC and VX
groups spent the same average time per arm during predelay periods, F(1,
2)=0.19, p>0.05, but the VX group spent significantly less time per arm
during postdelay periods than the IC group, F(1, 2)=5.95, p<0.05.
* p <0.05. Error bars indicate standard error of the mean.

p>0.05 (see Fig. 3A), total arms entered, F(1, 2)=2.25,
p>0.05, and the average amount of time spent in each
arm, F(1, 2)=0.19, p>0.05 (see Fig. 3C). Rate of
DNMTP acquisition is not reported because rate could
have been influenced by condition, number of previous
trials, which differed by group, or an interaction between
the two factors. Therefore, difficulties would arise in
interpreting such a measure.

During postdelay, a main effect of group revealed that
VX rats spent less time per arm in the maze than IC rats,
F(1, 2)=5.95, p<0.05 (see Fig. 3C). There were no
significant differences in the number of retroactive errors,
F(1, 2)=4.13, p>0.05 (see Fig. 3B) or proactive errors
made during the postdelay period, F(1,2)=0.29, p>0.05
(see Fig. 3A).
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Rats were sacrificed 1 month following the last testing
session. A two-way ANOVA (group X litter) revealed sig-
nificant main effects for group and litter on heart weight
[group: F(1, 2)=9.26, p <0.05; litter: F(1, 2)=4.59,
p <0.05]. Hearts from the VX group weighed 19% more,
on average, than hearts from the IC group. We have
previously observed a 12% increase in heart weight in older
rats after only 1 month of voluntary exercise [17].

4. Discussion

The present study tested the hypothesis that exercise
influences the acquisition and performance of two versions
of the eight-arm radial maze. These tasks are sensitive to
hippocampal lesions, and require relatively little physical
activity. The exercise (VX) group took significantly fewer
trials (30%) to acquire criterion performance on the standard
eight-arm radial maze, but spent the same average amount
of time per arm as the nonexercising control (IC) group.
Few voluntary exercise effects were seen in the DNMTP
version of the radial maze, the exception being that the VX
group spent significantly less time per arm during the
postdelay period. The noticeable effect on acquisition, but
not criterion level performance, suggests that practice effects
can compensate for initial group differences.

Testing required restricted access to water for two groups
that differ in energy expenditure and presumably water
consumption. These differences leave the results vulnerable
to group differences in motivation. To control and correct
for motivational differences across groups, access to food
and water was monitored and controlled, with the VX group
given slightly longer access to water bottles each day (a total
of 7 additional min). Over the more than 3-month period of
water restriction (with the exception of weekends), the
average body weight for the two groups remained equal.
If the greater access to water for the VX group caused them
to be less motivated, they should have learned more slowly,
not faster as we report. All rats eventually reached criterion
performance, which suggests that all rats were sufficiently
motivated to perform the task. In a follow-up study, rats
with the same water access time had group acquisition rates
that closely parallel the findings of this study (Anderson et
al., in preparation).

The improved physical fitness of the VX group, indicated
by the high number of daily wheel revolutions and greater
heart weight, is unlikely to be an important factor for
performance of the RAM. Rats are able to perform the
RAM and DNMTP tasks at their own pace. In the present
study, the VX rats learned faster while spending the same
average time per arm.

The effect of exercise on acquisition of the RAM can be
taken to support the earlier conclusions that exercise influ-
ences spatial learning ability [1,3]. The present study adds to
the previous literature by providing evidence that exercise
can influence spatial learning in female rats as well as male

rats, with voluntary rather than forced exercise, and with an
appetitively motivated task in addition to an aversively
motivated task. In contrast to the findings in adult rats here
and in earlier reports [1,3], aging rats tested on a Barnes
maze did not exhibit differences in spatial ability as a
consequence of exercise [18], although acquisition to a
criterion was not assessed in that study. These contradictory
findings could be due to age-related differences in the effect
or differences in the sensitivity of the tasks.

The effect of exercise on variables ranging from heart
weight to nerve growth factors necessitates further work to
provide a link between exercise-induced changes in spatial
learning and exercise effects on hippocampal variables such
as neurotrophins [9], angiogenic factors [8,19], PKC activity
[3], receptor density [1], and dentate gyrus cell proliferation
and survival [20]. It is interesting to note, however, that a
number of these variables have previously been shown to
influence spatial learning (BDNF [21], NGF [22,23], FGF-2
[19]). Tt is also possible that exercise-related effects on
vasculature and metabolic support might also mediate the
effects on spatial learning [24—26].
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