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Mice  received  either  or  both  working  memory  training  and  aerobic  exercise.
Improvements  were  observed  in  both  aerobic  activity  and  working  memory  performance.
Effects  of  treatments  were  assessed  across  four  tests  of  learning.
Aerobic  exercise  alone  had  no sustained  effect  on  cognitive  performing.
Aerobic  exercise  with  working  memory  training  promoted  lasting  cognitive  improvements.
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a  b  s  t  r  a  c  t

Increases  in  performance  on tests  of  attention  and  learning  are  often  observed  shortly  after  a period
of  aerobic  exercise,  and  evidence  suggests  that humans  who  engage  in  regular  exercise  are  partially
protected  from  age-related  cognitive  decline.  However,  the  cognitive  benefits  of  exercise  are  typically
short-lived,  limiting  the  practical  application  of  these  observations.  Here,  we  explored  whether  physical
exercise  might  induce  lasting  changes  in general  cognitive  ability  if that  exercise  was  combined  with
working  memory  training,  which  is purported  to broadly  impact  cognitive  performance.  Mice  received
either  exercise  treatment  (6 weeks  of  voluntary  running  wheel  access),  working  memory  training  (in
a  dual  radial-arm  maze),  both  treatments,  or various  control  treatments.  After  this  period  of exercise,
working  memory  training  was  initiated  (alternating  with  days  of  exercise),  and  continued  for  several
weeks.  Upon  completion  of these  treatments,  animals  were  assessed  (2–4 weeks  later)  for  performance
on  four  diverse  learning  tasks,  and  the aggregate  performance  of  individual  animals  across  all  four  learn-
ing tasks  was  estimated.  Working  memory  training  alone  promoted  small  increases  in general  cognitive

performance,  although  any  beneficial  effects  of  exercise  alone  had  dissipated  by  the  time  of  learning
assessments.  However,  the two  treatments  in  combination  more  than  doubled  the  improvement  in  gen-
eral cognitive  performance  supported  by  working  memory  training  alone.  Unlike  the  transient  effects
that acute  aerobic  exercise  can  have  on  isolated  learning  tasks,  these  results  indicate  that  an  acute  period
of  exercise  combined  with  working  memory  training  can  have  synergistic  and  lasting  impact  on  general
cognitive  performance.
. Introduction

Despite the apparent whole-body effects of exercise [1,2], it
s only in the past two decades that interest has emerged in the
ffects of exercise on brain function. During this time, it has become

lear that the central nervous system, like other systems of the
ody, experiences a diverse array of positive physiological effects

n response to exercise. These effects are widespread, from gross
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structural changes to alterations of fine cellular morphology. Some
of these changes include, but are not limited to, increases in cere-
bral blood flow (which may  be the catalyst for subsequent effects),
increased concentration of growth factors associated with angio-
genesis [3,4], increases in proliferating endothelial cells associated
with angiogenesis [5,6], changes in dendritic spine size and number
[7], increases in brain volume in aged humans [8] and post-natal
neurogenesis in regions such as the dentate gyrus of the hippocam-

pus and the subventricular region of the forebrain [9,10].

Given the functional relationship between neural substrates
and cognitive processes, it is not surprising that the above obser-
vations have led to a surge of interest in the cognitive effects of

dx.doi.org/10.1016/j.bbr.2013.09.012
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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mailto:matzel@rci.rutgers.edu
dx.doi.org/10.1016/j.bbr.2013.09.012


rain R

e
o
w
i
t
T
d
f

e
A
t
b
m
h
t
u
i
[

o
N
t
o
t
w
p
r
f
o
t
t
c
i
l
s
a
s
j
b
a

l
[
g
t
l
m
a
i
m
t
o
g
r
a
m
I
p
t

o
s
F
p
h

A.M. Smith et al. / Behavioural B

xercise. Indeed, the progress of research on the cognitive benefits
f exercise has closely trailed the neurobiological observations,
ith discoveries in one field informing and encouraging growth

n the other. A majority of the reported results have focused on
he relationship between exercise and psychological well-being.
o date, exercise has been shown to attenuate the effects of major
epression [11], improve sleep quality [12], and protect humans
rom the cognitive declines that typically accompany aging [13,14].

Much recent interest has been directed at demonstrations of
xercise’s ability to improve learning, memory, and attention.
cross species and diverse tasks of learning and executive func-

ion, improvements in a variety of psychometric evaluations have
een documented in response to exercise. After a 10 min  bout of
oderate intensity aerobic exercise (defined by 50% VO2 intake),

uman subjects ages 19–24 outperformed controls on the Stroop
est, a known metric of attentional control [15]. In mice, vol-
ntary running-wheel access for a period of 45 days resulted

n shorter latencies and path lengths in the Morris water maze
16].

Despite the effectiveness of aerobic exercise in the promotion
f cognitive performance, this intervention has serious limitations.
amely, broad conclusions have been complicated by variations in

he duration of the treatment (chronic versus acute), the nature
f the treatment (anaerobic versus aerobic), and in particular,
he transient nature of the beneficial effects of exercise. At least
hen cognitive training closely follows a period of exercise, a pre-
onderance of evidence suggests that acute aerobic treatments
esult in improvements in cognitive ability (see review in [13]
or more details). However, given that the benefits of exercise
n cognition require that the cognitive training closely follow
he bout of exercise, it would be useful to engage in a cogni-
ive training regimen that would subsequently transfer to other
ognitive tasks. While many of the previously mentioned stud-
es have demonstrated sustained single-domain improvements in
earning and memory in response to exercise, few, if any, have
uggested a protocol by which physical exercise could gener-
te persistent improvements in general cognitive ability. To be
uccessful in this regard, it would be necessary to engage sub-
ects in a domain-independent cognitive training regimen that can
roadly (and subsequently) impact more domain-specific cognitive
bilities.

General cognitive ability, or g, has been a central focus of intel-
igence research since its initial proposal by Spearman in 1904
17]. One hypothesis that has gained traction in recent years sug-
ests that the efficacy of working memory is a major contributor
o variations in intelligence [18]. The attractiveness of this idea
ies in the structural and functional properties of the working

emory system. Comprised of a short-term storage component
nd an executive control component, working memory maintains
nformation for active use and serves a role in consolidating infor-

ation for long-term storage [19]. Through the cooperation of
hese two (storage and processing) components, working mem-
ry is able to maintain, process, and integrate information in a
oal-relevant fashion [18]. Importantly, working memory is widely
egarded to play a critical role in the execution of most (if not
ll) cognitive tasks. These properties uniquely position working
emory to serve as a principal regulator of general intelligence.

ndeed, imaging studies have shown that IQ test performance is
redicted by activity in brain areas engaged by working memory
asks, such as the dorsolateral and medial prefrontal cortex [20].

Noting the potential causal relationship between working mem-
ry and g, a number of studies using both human and animal

ubjects have yielded results indicative of such a relationship.
or instance, Jaeggi et al. [21] reported that training on a com-
lex working memory task yielded improvements in tests of
uman intelligence performance (also see [22]). In laboratory mice,
esearch 256 (2013) 626– 635 627

Light et al. [23] demonstrated that extensive working memory
practice promoted an improvement in animals’ aggregate perfor-
mance across a battery of diverse learning tasks, and Matzel et al.
observed that chronic (life-long) working memory practice pro-
tected animals from normal age-related cognitive declines [24].
Nevertheless, the beneficial effects of working memory training
have typically been small and often do not transfer universally
to all cognitive tasks (for reviews, see [25,26]), leading to the
conclusion that working memory and intelligence should not be
considered as synonymous constructs. Nevertheless, since working
memory can broadly impact cognitive performance, any strategy
that could facilitate the instantiation of working memory training
might well have dramatic impact on general cognitive perfor-
mance. Here, we  will attempt to better instantiate working memory
training by implementing it in close proximity to periods of aerobic
exercise.

In the present study, a working memory training regimen
that has previously been reported to promote modest improve-
ments in general cognitive performance was  combined with a
regimen of voluntary aerobic exercise. This treatment was com-
pared to either working memory training or aerobic exercise alone,
or control procedures wherein animals are simply exposed to
the relevant training apparatus. In addition, the high degree of
control and resolution imparted through the use of animal sub-
jects will allow us to determine the degree to which varying
amounts of aerobic exercise impact the cognitive improvements
associated with that treatment. Finally, by combining both aero-
bic exercise with working memory training, we can examine the
interaction of these two  treatments, i.e., it will be possible to deter-
mine if the combined effects of these treatments are additive or
synergistic.

2. Materials and methods

2.1. Animals and housing

The use of animals in this work was approved by the Rut-
gers Animal Care and Facilities Committee in accordance with
NIH guidelines. 66 CD-1 outbred mice, chosen for their estab-
lished genetic diversity and consequent individual variability, were
ordered from Harlan Laboratories at approximately 10 weeks
of age. Owing to illness (intolerance of food deprivation) and
apparatus failure, eight animals were lost during the course of
the experiment, resulting in a final sample of 58 mice. Animals
were given access to food and water ad libitum, except dur-
ing food deprivation periods (see below). Animals were housed
in standard shoebox style cages except during exercise treat-
ments, in which modified wheel-mounted shoebox style cages
were utilized. Through the duration of the experiment, animals
were maintained on a 12-h light/dark cycle in a temperature-
and humidity-controlled colony room that was adjacent to rooms
containing behavioral testing apparatus. Upon arrival in our
laboratory, animals were removed from their home cages and
held by an experimenter for 60 s every day for a period of 2
weeks in order to acclimate them to handling. Animals were
then randomly divided into seven different groups (balancing for
body weights), each of which received a different experimental
treatment. Groups included an exercise-only (E) training group
(ninitial = 10, nfinal = 7), a group that received working memory-
only (WM)  training (ninitial = 10, nfinal = 8), a combination (WM/E)
group that received both of these treatments (ninitial = 10, nfinal = 9),

sham training exposure (E-C, WM-C, WM/E-C) control groups for
each of the respective treatments ([ninitial = 9, 9, 9 nfinal = 7, 9,
9, respectively], and a home cage (HC) control group (ninitial = 9,
nfinal = 9).
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.2. Working memory training apparatus

For this purpose, we utilized a Dual Radial Arm Maze (DRAM).
ig. 1 provides a detailed description of this apparatus. Train-
ng in this task has previously been determined to improve both
ttentional and general learning performance [23,24]. The DRAM
eatured 16 arms (length: 40 cm)  extending radially from a central
ub (diameter: 20 cm). Arms were constructed of either black or
hite Plexiglas, in alternation, such that each arm was between two

rms of the other color. Arms were flanked by clear Plexiglas walls
n one side (length: 16 cm)  that extended outward from the central
ub. These walls served to prevent animals from entering adjacent
rms without first returning to the central hub. The central hub
onsisted of two removable, cylindrical components. The first com-
onent was a clear Plexiglas cylinder with a black Plexiglas base.
his component could be rotated around its center fixation point.
ight semicircular openings were located at the intersection of this
ylinder’s wall and base and were spaced so as to allow entrance
o every second arm. Thus, depending on the orientation of this
ylinder, either the black or white maze was accessible to an ani-
al. The second component of the central hub was a cylindrical unit
ithout a base that was mounted directly inside the outer cylinder.

his cylinder could both rotate and be raised up and down. Slightly
ess wide than the exterior cylinder (with the eight exit doors), this
nner cylinder fit inside the outer cylinder with approximately a

illimeter of space between the two. Along the bottom edge of the
nner cylinder was a single semicircular opening. Thus, given the
ange of motion of the inner cylinder, it could be placed to provide
he animal with access to only a single arm, to all arms (if raised),
r no arms (if the exit opening was placed between two doors in
he outer cylinder).

.3. Exercise apparatus

The exercise apparatus was a standard shoebox style cage fit-
ed with an internally mounted freely rotating running wheel and
n externally mounted electronic counter. Series 38 N10 shoebox
tyle cages (dimensions: 7.5 in. × 11.5 in. × 5 in.) were ordered from
he Ancare online catalog (product code: N10HT). Upon arrival, a
ingle hole was drilled at approximately half of the cage’s height
n one of the 7.5 in. sides to allow interior mounting of the running
heel. Two holes, oriented vertically to each other, were drilled

n the other side to accommodate for an externally mounted drip
ater bottle and a structure to hold it in place. Removable wall-
anging, open-top food containers were mounted on the interior
f each cage. 38 “Super Pet Comfort Wheels” (diameter: 5½ in.)
ere ordered from the Petsmart online catalog (Item: 2753360)

nd each included a peg upon which the wheel rotated. Pegs were
ounted on the interior of the cages and wheels were mounted on

he pegs. All components were removable to accommodate clean-
ng. The exterior edge of the backside of each wheel was  fitted

ith a magnet and counterbalanced by a weight 180◦ away. In
rder for the externally mounted electronic counter to track wheel
evolutions, a small circuit was wired such that the closure of a mag-
etically controlled switch increased the number on the counter
y +1. Thus, each time the magnet on the wheel revolved past the
witch, the device counted a revolution. Sham exposure appara-
uses were identical in composition but featured fixed wheels (i.e.,
heels that would not turn).

.4. Overview of procedure
Fig. 2 graphically details the progression of the experiment.
nimals arrived and were housed in standard shoebox cages for

 period of 2 weeks, during which they were handled for 60 s
very day for 2 weeks. After 2 weeks of handling, animals that had
esearch 256 (2013) 626– 635

been assigned to exercise-relevant groups (E, E-C, WM/E, WM/E-C)
began their initial exercise treatment. These animals were housed
in individual running-wheel equipped shoebox style cages. Concur-
rently, all remaining groups were housed in standard shoebox style
cages. Exercise-relevant groups were given 24 h/day, 6 day/week
access to these wheels for a period of 6 weeks, during which time
running wheel revolution counts (for a 24 h period) were taken
every day between 3:00 and 4:00 PM.  Animals were placed in
standard shoebox style cages on the 7th day of each week to allow
cleaning of each cage/exercise apparatus. In order to prevent loose
food or other detritus from blocking the rotation of the wheels, bed-
ding and food were changed every day (for all animals) after counts
had been taken. Animals’ body weights were taken once weekly in
order to see if there were any differential effects on body weight
related to wheel counts and other measures of cognitive perfor-
mance. Throughout this period, any time at which exercise animals
were handled (e.g., for cage cleaning), all non-exercise animals
were handled for a comparable amount of time. After completion
of the 6-week exercise treatment, E, E-C, WM/E, and WM/E-C ani-
mals were placed back into standard shoebox style cages and were
allowed to rest for 24 h.

Upon completion of the initial exercise treatment, we  began
the working memory training treatment stage. In this task, animals
operated simultaneously (making alternating choices) in two  radial
arm mazes that share an overlapping set of extramaze visual cues.
Since the animals must maintain a memory of choices in the pres-
ence of strong task-relevant interference, this task is believed to tax
processing aspects of working memory, i.e., capacity and selective
attention [27,28]. Unlike performance in a single radial arm maze
(which primarily taxes short-term memory), extensive experience
in the DRAM promotes improvements in both selective attention
and learning performance across diverse tasks [23,24]. Sham expo-
sure controls were exposed to the maze and rewarded in a manner
equivalent to that of the training groups, but without the relevant
task demands (see below).

Animals in working memory training-relevant groups (WM,
WM-C, WM/E, WM/E-C) received training in the DRAM or relevant
sham exposure. While the DRAM is structurally a radial 16-arm
maze, training proceeded in such a manner as to selectively isolate
animals in one set of arms (i.e., black or white) or the other, depend-
ing on the demands of that particular day. Given the large number
of animals to be trained on the DRAM, animals were divided into
two cohorts (n = 33). All working memory relevant groups (WM,
WM-C, WM/E, WM/E-C) were trained in or received sham expo-
sure to the DRAM. One day prior to the start of training, animals
were food deprived. Throughout the remainder of the experiment,
animals were given a 2 h free feeding period at the end of every
day’s light cycle. Body weights were recorded each day to assess
each animal’s percent of their free-feeding body weight, and if per-
centages dropped below 90%, animals were given an additional 2-g
pellet of food at the start of the dark cycle.

Prior to actual DRAM training, several weeks of preliminary
training were necessary in order to ensure that the animals had
achieved proficiency in the individual mazes. Initially, animals were
given 2 days of acclimation exposure to the mazes. During the first
day, animals were confined for 180 s to one black arm of the 16-arm
maze, with food reward at its end. During the second day, animals
were confined to one arm of the maze (with a food reward at the
end) for a period of 90 s, after which they were moved to the next
arm for another 90 s. This was repeated for all 16 arms.

On the day following acclimation exposure, animals began train-
ing in the black maze. During training, all eight arms of the maze

were baited, and the animal was placed in an enclosed cylinder in
the center of the maze. Once opened, a timer was  started and the
animal was  allowed to make a free choice. Once the choice had been
made, the animal was  enclosed in the arm until the food reward had
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Fig. 1. Dual Radial Arm Maze (DRAM; working memory training) apparatus. (A) An aerial view of the DRAM. Alternating black and white arms radiated from a central hub.
The  black and white arms were segregated by a rotating inner cylinder such that animals could operate independently in either a black or white maze. (B) The central hub
has  been removed to illustrate its design. The outer component, which contains 8 exits, is currently aligned with the inner component, which only has one. (C) To completely
block  entry into any arm, the inner component of the central hub could be rotated by one entrance-length.

Fig. 2. Graphic illustration of the experimental design. Animals were received and handled for a period of 2 weeks, after which they were randomly assigned to the groups
detailed in the methods section. Treatments that are depicted in vertical parallel occurred concurrently.
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een consumed, after which it was allowed back into the center,
nclosed for 2 s, and then allowed to make another decision. This
rocedure was followed until the animal had successfully entered
ll 8 arms and had consumed the eight reinforcers. An error was
ecorded each time that an animal entered an arm in which the
ood reward had already been retrieved. This first stage of training
ontinued for 4 days, followed by 4 days of rest during which time
he remaining animals received the same training. During the first
ohort’s off days, exercise-relevant groups were placed back into
xercise apparatuses and were allowed continuous running wheel
ccess in addition to ad libitum food access. This pattern was  con-
inued throughout the remaining training and testing, i.e., 4 days
f training alternated with 4 days of running wheel access.

After initial training in the black maze, animals began training
n the white maze, the second of two radial 8-arm mazes built into
he structure of the DRAM. All procedures here were identical to
hose used for the black maze. Once completed (and animals had
eceived 4 days of training in both the black and white mazes), the
hird training stage began, during which animals received addi-
ional training in both mazes during each day, i.e., training in the
lack maze occurred each morning, followed 4 hr later by training

n the white maze. All animals received a total of 8 days of training
n this manner (i.e., training in both the black and white mazes in
he course of 1 day) over a total of 16 days (including two cycles of
our consecutive rest days).

Upon completion of the above stages of training, every animal
ad received 12 days of experience in both the black and white
azes, the last 8 days of which included performance in both mazes

ach day. Upon completion of these preliminary treatments, the
ritical working memory training began in the DRAM. During this
tage, animals were placed in the center unit of the DRAM, with
he exterior unit of the central hub set so that only the black maze
as accessible to animals. The unit was opened and the animals
ere allowed to choose an arm. After three correct choices (and,

onsequently, consumption of three food rewards), doors to the
lack maze were closed, and doors to the white maze opened. Each
nimal was then allowed to make three correct choices and con-
ume the respective food rewards in the white maze, after which,
he doors to the white maze were closed and doors to the black

aze opened. Animals continued in this pattern until all eight
ood rewards were collected in each maze. Through each trial,
atency to finish, number of errors (returns to an arm where the
ood reward had been collected), and streak of correct arm choices
ere recorded. This phase of the experiment also lasted for 16 total
ays. At the completion of working memory training, animals were
eturned to their standard home cages and had no further access to
he running wheels.

.5. Learning tasks

Two weeks after completion of the working memory training
and the termination of animals’ access to the running wheels),
he performance of all groups was assessed on a five-task learning
attery in order to assess their aggregate (general) learning perfor-
ance. The learning battery consisted of the Morris water maze,

he Lashley III maze, an odor discrimination task, and a passive
voidance task. Each of these tasks was chosen due to the different
ognitive abilities they are believed to tax as well as their dis-
inct sensory and motor requirements. Task-specific details were
s follows, and are described in more detail in [29].

.5.1. Morris water maze

As established by Morris [30], this task involves the use

f extramaze cues, and not fixed motor patterns, to navigate
hrough an environment. Utilizing a round, black pool (diameter:
40 cm,  depth: 56 cm), its area was divided conceptually into four
esearch 256 (2013) 626– 635

quadrants. In the center of one of these quadrants was  a slightly
submerged platform (1.5 cm below water’s surface). The pool was
filled with opaque black water. This color was achieved by blending
in non-toxic black finger paint, so as to obscure the position of the
platform in the water. In our protocol, 3 days of training (one of
acclimation, one of critical training, and one of probe trials) were
utilized. During the acclimation day, animals were enclosed (in a
clear Plexiglas cylinder) on the escape platform for 300 s. On  the
subsequent day, animals were started from one of two unique
locations in each quadrant for a total of 6 trials, with an ITI of
10 min. Animals were timed for their latency to find the platform
and were also video recorded in order to quantify the length of the
pathways they took to find the platform. Animals were considered
to have found the platform when all four paws were placed on
it for duration of 10 s. On the final day, the submerged platform
was removed. Animals were placed in the pool for a total of 90 s.
Perseverative behavior in the quadrant in which the platform was
usually located was taken to be a measure of retention (i.e., more
time spent in the quadrant indicated an animal’s expectation that
the platform should be there). Ratio of time spent in this quadrant
to total time was  taken as a measure of retention (and was  an
indicator of the degree to which the animals had adopted a spatial
strategy to locate the platform).

2.5.2. Lashley III maze
The Lashley III maze is designed in such a way as to promote the

use of egocentric cues, as opposed to extramaze cues, for navigation
around a maze. Comprised of 4 interconnected alleys (each 58 cm
long and 6 cm wide) made of black Plexiglas, animals are placed in
the maze in a dark room lit by a single-bulb light source and, in order
to navigate its alleys must locate themselves in the maze based only
on the motor patterns they have used. Animals received 2 days of
training (acclimation and critical training), prior to which they were
food deprived for 1 day. During acclimation, animals were placed in
each of the first three alleys for a period of 4 min and in the last for
a period of 6 min, wherein 3 food rewards were available. During
confinement in an alley, access to adjacent alleys was  blocked. On
the critical training day, animals were placed in the starting alley
and allowed to navigate to the maze’s end, where a food reward was
located. Animals were placed back into their home cages for an ITI
of 20 min, during which time the maze was  cleaned. This sequence
was repeated a total of 5 times. Latency and errors, here counted as
turns in the incorrect direction, were recorded.

2.5.3. Odor discrimination
With respect to appetitive, goal-oriented behavior, mice utilize

odors to reinforce these patterns. To take advantage of this fact,
we used a black, Plexiglas square (60 cm2, 30 cm high) in which 3
corners featured odors (mint, lemon, or almond). In each of these
corners, a small cup, loaded with 3 pieces of food bait (30 mg  of
chocolate puffed rice) and cotton soaked with 25 �l of odor under
mesh wiring, was  located. However, it was only in one cup that
these food rewards was  accessible. This food reward was reliably
paired with mint, despite the location of the cups varying from
trial to trial. Animals received 2 days of training (acclimation and
critical training), and were food deprived on the day prior to first
training. On the acclimation day, animals were placed in the open
field for a period of 20 min  with no cups present. At the end of their
acclimation, three pieces of puffed rice food reward were placed in
the animal’s home cage to acclimate them to this novel food item.
On the critical training day, the three cups were loaded with food
and odor and placed in three corners of the open field. The animal

was started in the open corner and allowed to navigate the box
until it found the food reward. On only the first trial, an additional
food reward was  placed on the edge of the cup to encourage the
animal to explore the interior of the cups for food. During each of
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F(35, 630), p < 001. Mean revolutions per day for the sample over
the duration of the treatment was M = 22,254.85 (SE = 1699.16). In
addition to the measurements taken at the outset of the experi-
ment, revolutions were tracked during exercise maintenance over
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Fig. 3. (A) E and WM/E  animals received 6 weeks of free access to running wheels,
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our trials, the location of the correct food odor pairing varied, but
he odor was mint throughout all trials. After each trial, the animal
as given an additional 20 s in the field before being moved back

o its home cage for an ITI of 6 min. Throughout the task, latency to
nd food reward and errors were recorded. In this instance, errors

ncluded nose pokes into cups with incorrect odors or nose pokes
nto the correct cup without eating the food reward present.

.5.4. Passive avoidance
Utilizing an aversive sound and light stimulus, this task was

 one-trial assay in which animals learned to suppress behavior
n order to avoid the stimulus. The stimulus was  composed of a
right (550 lx) white light, noise, and vibration. Noise and vibra-
ion were produced by a flexible nylon rod attached to a motor
utside of an exterior wall of the chamber such that the rod struck
he wall of the chamber twice during each revolution (1400 rpm)
f the motor, producing a noise 65 dBa above a 45 dBa background
nd a 46 Hz vibration of the chamber surfaces. In this assay, ani-
als reliably have increased latencies to their second step-down

ff of a platform in the test chamber relative to their first, demon-
trating a one-trial learned suppression of behavior. Animals were
laced in a 75 cm × 45 cm × 45 cm black Plexiglas enclosed plat-
orm raised 5 cm above a 16 cm × 12 cm white grid platform, which,
hen stepped on, initiated both of the aversive stimuli. Both of

hese structures were enclosed within a larger box, illuminated
y red light. Animals were enclosed in the platform by a remotely
perated clear plastic door for a period of 5 min. The latency to leave
he platform was recorded, upon which animals left and activated
he aversive stimuli. After stepping down, animals were once again
laced in the platform for a period of 5 min  and latency to leave the
latform was taken. The ratio of post- to pre-training latencies was
aken as a measure of learning on this task.

.6. Data analysis

Statistical analyses were performed within the SPSS Statistics
ackage. Once all the animals had been tested in all tasks, several
tatistical analyses were performed. First, an exploratory factor
nalysis was performed, both to assess any influence on general
across-task) performance, and to provide a means with which
o characterize the general learning performance of individual
nimals. The factor analysis requires that a single summary score
e provided by each animal for each learning task. For this pur-
ose, each animal was assigned a score for each task based on the
nimal’s performance during the middle of the acquisition phase
f learning (i.e., from the middle of the group learning curve), as it
s during these trials that the greatest variability between animals
s likely to be apparent, and thus individual differences play the
trongest role in variations in learning. For example, if during
rials 2 and 3 (of four) of odor discrimination training we observed
n interim level of learning (intermediate between first trial and
symptotic performance), an average of these two trials was
alculated for each animal, and this average value was  entered into
he factor analysis to represent that animal’s performance on that
ask. In one learning task (passive avoidance), animals received
nly a single training trial. For this task, training conditions were
sed with which we have previously observed sub-asymptotic (on
verage) levels of learning.

Upon completion of the factor analysis, a factor score was
hen computed for each animal that represented that animal’s
ggregate learning performance. A factor score is analogous to
n average Z-score for each animal computed from the Z-scores

btained for that animal on each task, with the Z-score for each
ask weighted for the degree to which that task contributed to the
rincipal factor. The factor scores of exercise-only, working mem-
ry training-only, and mixed group animals will be compared to
esearch 256 (2013) 626– 635 631

assess differences in general learning abilities across the different
groups. Subsequently, the groups can be compared by ANOVA
followed by planned comparisons of the individual groups.

3. Results

3.1. Exercise

Revolutions of the running wheel were counted for all E and
WM/E  subjects every day for a total of 36 days at the outset of
the experiment. These measurements were taken at roughly the
same time every day in order to give a measure of the number of
revolutions per 24-h period. Animals’ (n = 16) daily scores were
averaged and plotted against days of treatment. Throughout this
period, animals exhibited a steady increase in the amount that they
ran each day (see Fig. 3A). These scores showed a 209% increase
in wheel revolutions from Day 1 (M = 9601, SE = 1826) to Day 36
(M = 29,685 revolutions/day, SE = 2833), F(1, 18) = 41.38, p < 001.
Additionally, a strong effect of exercise over all days was observed,
and wheel revolutions were counted for each animal each day. Animals’ scores were
averaged and plotted as a function of days (brackets = standard error of the mean).
(B)  During DRAM training, E and WM/E  animals had access to running wheels for
4  days beginning every fourth day. Again, scores were averaged and plotted as a
function of days (brackets = standard error of the mean).
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Fig. 4. Errors and length of streaks of correct choices prior to an error were recorded
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he course of training on the DRAM (see Fig. 3B). During this phase
f the experiment, a generally positive upward increase was once
gain observed over the duration of the treatment. While the slope
f the increase was not as steep as that seen during the initial
xercise treatment, there were still significant increases in number
f revolutions per day across this period, F(23, 276) = 7.74, p < .001.

.2. DRAM training

WM and WM/E  animals received training on the DRAM for a
otal of 28 days. The DRAM was intended to tax an animal’s selective
ttention. However, because WM and WM/E  animals were naïve to
he task demands of the DRAM, the first 16 of the 28 days of train-
ng were dedicated to ensuring that each animal had learned the
elevant task demands of each individual maze within the DRAM.
uring this time, streak length (choices prior to an error) in the
lack maze improved over the course of days, F(11, 176) = 2.095,

 = .023, while the number of errors committed decreased during
his same period of training, F(11, 176) = 3.98, p < .001. A similar
attern was observed in the white maze during this initial train-

ng period. After the initial training in the black and white mazes,
he critical phase of working memory training began. Unlike the
nitial training period, streak length did not significantly improve
ver days, although a significant decrease in errors made over days
as observed, F(11, 176) = 1.86, p < 05 (see Fig. 4). These results

uggest an improvement in working memory/selective attention
erformance across the course of training.

.3. Learning battery

Each task from the learning battery was scored as previously
escribed (see Section 2). In all multi-trial tasks, animals’ scores

mproved across trials, exhibiting learning curves similar to those
reviously documented [29]. As learning curves for each individual
ask are not relevant to the present analysis, graphs of performance
n individual tasks from the battery are not illustrated here.

In order to conduct a factor analysis, a single measure represent-
ng individual animal’s rate of learning on each task was generated.
rials in the “middle” of the learning curve (i.e., exclusive of the
rst trial and prior to group asymptote) on each task were selected
nd averaged together to provide a single score for each animal to
nter in the factor analysis. As the direction of change indicative of
earning differed for some of the learning tasks (e.g., a more posi-
ive value [longer step-down latencies] indicated better learning in
assive avoidance, but a negative value [reduced path length] indi-
ated improvement in the Morris water maze), all values that were
ntered into the factor analysis were converted such that negative
umbers indicated improved performance. By doing so, correlated
erformance measures would load in a consistent direction in our
actor analysis. (This conversion is done merely to simplify the
isual interpretation of factor loadings; it has no impact on either
igenvalues or the percentage of variance explained by any factor.)
The performance of animals across the individual learning tasks
ere positively correlated (see Table 1), suggesting that the ability

o learn these diverse tasks was regulated by a single underlying
ource of variance (i.e., “general learning ability). This conclusion

able 1
earson correlations (r) of the performance of all animals among learning tasks.

Learning task Passive avoidance Lashley

Passive avoidance 1 – 

Lashley maze .220 1 

Odor  discrimination .135 .287*

Water maze .235 .045 

* Correlation is significant at the .05 level (2-tailed).
standard error of the mean.

was supported by the results of a principal component analysis of
the learning data from all animals across all learning tasks (Table 2).
Significantly, a primary factor (eigenvalue 1.41) accounted for 35%
of the variance in performance across all learning tasks, and per-
formance on all tasks loaded in a consistent direction on this factor.
Thus this factor describes “general learning ability”. A second factor
accounted for 32% of the variance across tasks (eigenvalue 1.28).
However, performance on the individual tasks loaded with simi-

lar strength in opposite directions on this factor, suggesting that it
accounted for some aspect of task-specific performance. The inter-
pretation of this second factor will not be considered further.

 maze Odor discrimination Water maze

– –
– –
1 –

.212 1
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Table  2
Results of a principal component analysis of animals’ performance across four learn-
ing  tasks. On the principal factor, all learning tasks loaded from moderately to highly
in  a single direction, indicative of a general influence on diverse learning abilities.
The irregular loading on factor 2 suggests that this factor describes some aspect of
task-specific performance.

Factor 1 (general learning) Factor 2

Lashley maze .38 −.71
Water maze .51 −.26
Passive avoidance .68 .27
Odor discrimination .74 .79
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F
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Eigenvalue 1.41 1.28
%  Variance 35.26 32.01

Factor scores (indicative of aggregate learning performance
cross all tasks) were computed for each animal and were segre-
ated into their respective groups (E, E-C, W,  W-C, WM/E, WM/E-C,
C), and a mean value was computed for each group (see Fig. 5).
o assess differences between all groups, a simple ANOVA with
ontrasts was performed. In this analysis, the only significant differ-
nces observed between groups that received either of the critical
reatments was between the WM/E  and E groups, t(50) = 2.850,

 = .006 (Cohen’s d effect size = .81). A near-significant differ-
nce between WM and WM/E  groups was observed, t(50) = 1.740,

 = .088 (Cohen’s d effect size = .49). No significant difference was
bserved between the E and WM group. Comparisons between
xperimental and control groups were then conducted. A sig-
ificant difference between WM/E  and WM/E-C was observed,
(50) = 2.32, p = .024 (Cohen’s d effect size = .66), while no significant
ifferences between E and E-C or WM and WM-C  were found. Given
hat there was  no significant difference between E and E-C, a com-
arison between these groups and the HC groups was  conducted.
gain, no significant differences were observed.

In order to determine if a relationship existed between an ani-
als’ total amount of exercise (mean number of revolutions during

xercise treatments) and its factor scores (indicative of general
earning performance), as well as between an animals’ perfor-

ance on the DRAM and its factor scores, regressions for each
f these comparisons were made. There was a strong correla-

ion between the amount of aerobic exercise engaged in during
he initial 6 weeks of access to the running wheels and during
ubsequent access interspersed with working memory training,
(16) = .76, p = .001, indicating a consistency of individual animal’s

E WM WM/E HC E-C WM-C WM/E-CFA
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ig. 5. Factor scores (representing aggregate performance across four learning
asks) were segregated into the seven groups. Average factors are plotted for each
roup (± standard error of the mean). Animals that received working memory train-
ng combined with exercise exhibited higher aggregate learning performance than
ll  other groups.
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amount of exercise over time. Across all animals that had access to
the running wheels, there was no significant correlation between
running-wheel revolutions and factor scores indicative of general
learning performance, r(16) = −.11, p = .68. Additionally (for Group
WM/E), the amount of exercise engaged in was not predictive of
streak length during working memory training, r(16) = −.02, p = .95,
or error total during working memory training, r(16) = .33, p = .392.
These results suggest that beyond some optimal level of running,
additional running had no beneficial impact on either the instantia-
tion of working memory training or general learning performance.

4. Discussion

With the physiological and neurobiological benefits of exer-
cise well-documented, the present study aimed to determine
whether chronic physical exercise could facilitate the instantiation
of working memory training, and if so, if that better instantia-
tion of working memory would promote improvements in general
cognitive ability. This possibility contrasts with more established
procedures wherein exercise has been associated with time-limited
improvements in isolated learning tasks, for which there would
be no expectation of transfer to other learning domains. Nine
weeks of aerobic exercise, the last three of which were inter-
spersed with working memory practice, had a positive impact
on animals’ aggregate performance when they were later tested
on four tests of learning. Significant differences in average group
factor scores (indicative of general cognitive performance) were
observed between the animals that received both aerobic exer-
cise and DRAM (working memory) training relative to animals
that received exercise or DRAM training in isolation. Not surpris-
ingly, since a long delay (>2 weeks) interceded between aerobic
exercise and testing in the learning battery, exercise alone pro-
moted no improvements in general learning ability relative to sham
exercise or untreated controls. In contrast, DRAM training alone
promoted improvements in general learning performance (relative
to untreated controls). However, this latter conclusion should be
qualified, since actual DRAM treatment and sham exposure to the
DRAM apparatus produced similar levels of improvement in aggre-
gate learning performance. This lack of difference between DRAM
training and its exposure control group is somewhat paradoxical, as
in previous studies, similar control groups exhibited inferior gen-
eral learning ability relative to animals that received actual working
memory training [23,24]. Nevertheless, a general pattern emerged
that seemed to corroborate the hypothesis that working memory
practice, when coupled with exercise, promoted increases in per-
formance beyond what could be contributed additively by either
treatment individually. In total, these results indicate the general
and lasting impact of working memory training is better instanti-
ated when instituted in conjunction with aerobic activity.

It is established that exercise induces a variety of neurobio-
logical changes, including changes in synaptic plasticity, dendritic
spine density, and vasculature [31]. While some doubt has been
cast as to the functional significance of these changes, research
has indicated that structural changes to the brain in periods after
adolescence do indeed serve functional purposes, not the least of
which include the formation of new, functional synapses associated
with spatial learning [32], and fully integrated newly-born neu-
rons in the hippocampus [16]. Noting that these structural changes
do indeed prove fruitful for the enhancement of specific learn-
ing domains, we  hoped to develop a strategy with which it would
be possible to promote more general improvements in cognitive

function. Having previously demonstrated that a working memory
training regimen induces improvement in general cognitive perfor-
mance, including on various tests of learning and selective attention
[23,24], it was our expectation that coupling aerobic exercise with
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orking memory training might enhance general cognitive ability
eyond that seen in response to either treatment alone. This might
ccur if a modified (through aerobic exercise) neurobiological sub-
trate would provide a better environment for the instantiation of
orking memory training. Thus, if the well-established neurobio-

ogical changes that follow from exercise create a substrate through
hich more efficient learning can occur, a combined treatment of

xercise and working memory training would lead to increases in
eneral cognitive ability, not simply the better instantiation of a sin-
le learned response (as has been previously demonstrated). The
resent behavioral data lends support to this general hypothesis,
hich is corroborated by a recent report by Langdon and Corbett

33], wherein it was determined that the combination of volun-
ary running and cognitive therapy was more effective than either
reatment in isolation.

It is notable that the effects of exercise on both cognition and
rain substrates has been found to be dose-dependent. It has been
eported that the effects of exercise are graded in its ability to
nduce neurogenesis [34], its ability to attenuate depression [35],
nd with respect to decreasing rates of heart disease and improving
uality of life measures [36]. Thus we anticipated that the more an
nimal engaged in exercise (wheel running), the greater the cog-
itive benefits it might receive from this experience. However, no
elationship was observed between the degree to which an animal
ngaged in exercise and the degree of improvement in its general
earning performance relative to untreated controls. This data con-
rasted with what were clear differences between groups that were

ediated by exercise. In this regard, it is notable that although a
igh degree of variability in the amount of running was observed
cross animals, all animals made large numbers of wheel revolu-
ions each day. Thus it is possible that all animals crossed a critical
evel of exercise beyond which no additional benefits were pos-
ible (also see [33]). Again though, since exercise combined with
orking memory training promoted improvements in general cog-
itive performance relative to animals that had no access to the
unning wheels, it follows that there is also a lower limit of exer-
ise necessary for animals to experience these cognitive benefits.
s the present study did not manipulate dosage (allowing only free
ccess to running), future studies will be necessary to determine
he dose-response effects of exercise on working memory training.

. Conclusions

The present data indicate several conclusions about exercise
nd its relationship to cognitive ability. Specifically, it is clear that
xercise benefits general cognitive abilities when coupled with a
orking memory-training regimen (which itself, broadly impacts

ognitive performance), but does not (in all circumstances) in
tself provide lasting cognitive benefits. Alone, working memory
raining had more modest impact on general cognitive perfor-

ance. The present data lend themselves to a body of literature
hat increasingly emphasizes the holistic importance of exercise.

ith these data, future research venues include further exploration
nto changes in neurobiological structure in regions of the brain
mportant for executive function. Utilizing the behavioral paradigm
stablished in this study, future research can more accurately deter-
ine to what degree recent versus chronic exercise impacts the

nstantiation of working memory training.
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