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Abstract
A single bout of high intensity aerobic exercise (~90% VO2peak) was previously demon-

strated to amplify off-line gains in skill level during the consolidation phase of procedural

memory. High intensity exercise is not always a viable option for many patient groups or in a

rehabilitation setting where low to moderate intensities may be more suitable. The aim of

this study was to investigate the role of intensity in mediating the effects of acute cardiovas-

cular exercise on motor skill learning. We investigated the effects of different exercise inten-

sities on the retention (performance score) of a visuomotor accuracy tracking task. Thirty six

healthy male subjects were randomly assigned to one of three groups that performed either

a single bout of aerobic exercise at 20 min post motor skill learning at 45% (EX45), 90%

(EX90) maximal power output (Wmax) or rested (CON). Randomization was stratified to

ensure that the groups were matched for relative peak oxygen consumption (ml O2/min/kg)

and baseline score in the tracking task. Retention tests were carried out at 1 (R1) and 7

days (R7) post motor skill learning. At R1, changes in performance scores were greater for

EX90 compared to CON (p<0.001) and EX45 (p = 0.011). The EX45 and EX90 groups dem-

onstrated a greater change in performance score at R7 compared to the CON group (p =

0.003 and p<0.001, respectively). The change in performance score for EX90 at R7 was

also greater than EX45 (p = 0.049). We suggest that exercise intensity plays an important

role in modulating the effects that a single bout of cardiovascular exercise has on the con-

solidation phase following motor skill learning. There appears to be a dose-response rela-

tionship in favour of higher intensity exercise in order to augment off-line effects and

strengthen procedural memory.
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Introduction
The benefits of physical activity on brain function, brain health and cognition are well docu-
mented [1–8] and it has previously been demonstrated that an acute bout of exercise can posi-
tively affect cognition [9, 10] and declarative memory [11, 12]. The relationship between
exercise and memory has been summarized in a meta-analysis by Roig and colleagues and the
evidence points towards acute exercise having positive effects on long-term memory. Results
vary greatly however, depending on the type of task and memory studied [13]. Recent studies
have reported that an acute bout of high intensity aerobic exercise can also improve motor skill
learning [14–16]. While the different phases of the memory formation process; acquisition,
consolidation and retrieval/retention encompass several neural processes and involve a vast
number of interconnected brain networks [17–19], these studies provide evidence supporting
the idea that an acute bout of cardiovascular exercise can positively affect procedural memory
by affecting underlying cellular mechanisms in the period following skill practice (off-line
effects).

While there is evidence to suggest that an acute exercise bout can positively affect proce-
dural memory, the mechanisms underlying the effects remain, however, poorly understood
and learning tasks and exercise paradigms vary between studies [14, 20–22]. It is thus, not clear
which aspects of exercise are critical for positive effects on procedural memory. Acute exercise
interventions do, however, allow for readily controlling and monitoring specific parameters
(intensity, duration, modality) when investigating effects on procedural memory. Specifically,
within exercise, it is possible to control intensity; either relative to maximal oxygen uptake,
maximum power output or age related maximum heart rate.

In relation to procedural memory, Statton and colleagues [20] recently investigated the
effect of an acute bout of moderate intensity exercise (30 min running at 65–85% of age pre-
dicted maximum heart rate) on motor skill acquisition and retention with the Sequential Visual
Isometric Pinch Task (SVIPT). When moderate intensity exercise was performed prior to
motor practice, exercise improved acquisition. There was however no effect of exercise on
retention level over multiple days of training. The finding that moderate intensity exercise
prior to motor practice influence skill acquisition but not delayed retention was also recently
found by Snow and co-workers [21].

Recent work by Roig and colleagues [14] investigated the effects of an acute high intensity
(90% VO2peak) exercise bout (cycling) on motor skill learning. The results showed that a bout
of high intensity exercise performed prior to motor skill acquisition had a significant positive
effect not on skill acquisition but on procedural memory assessed with delayed retention tests.
Mang and co-workers also observed improvements in sequence-specific implicit motor learn-
ing at a 24h retention test when an acute bout of high intensity exercise, similar to the protocol
from the study by Roig et al., was performed prior to acquisition [15]. Importantly, Roig and
colleagues also found positive effects of intense exercise followingmotor practice, and in this
case, the intense exercise bout had an even greater effect on consolidation of the procedural
memory compared to when performed prior to motor practice [14]. The finding that exercise
following motor practice can promote retention of procedural memory was recently confirmed
by Thomas et al. [23].

These studies add credence to the hypothesis that exercise intensity (and timing) is some-
how intimately related to improvements in the acquisition and retention of motor skills.
Whereas moderate intensity exercise prior to motor practice had beneficial effects on acquisi-
tion, this was not found for high intensity exercise. High intensity exercise prior to and follow-
ing motor practice had positive effects on consolidation of procedural memory and delayed
retention. While these positive effects of intense exercise were found in delayed retention tests,
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the importance of exercise intensity following encoding or acquisition is however currently
unclear, since only effects of high intensity exercise have been elucidated.

As exercise intensity is increased circulating concentrations of catecholamines, serotonin
(5-HT), lactate, dopamine, insulin-like growth factor 1 (IGF-1) and vascular endothelial
growth factor (VEGF) and Brain Derived Neurotrophic Factor (BDNF) increase concurrently
[11, 16]. Different measures of corticospinal excitability (CSE) have also been reported to be
affected by an acute bout of aerobic exercise [24, 25]. The specific role of these biomarkers and
changes in CSE in relation to procedural memory are currently also poorly understood, but
they are potential candidates influencing the process. Furthermore, their direct relationship to
exercise intensity means that their potential contribution should be carefully considered.

High intensity exercise bouts may be too challenging and not appropriate for certain patient
groups or in a rehabilitation setting. We planned to investigate the role of exercise intensity on
the consolidation of motor skill learning via a visuomotor tracking task. We, therefore, aimed
to investigate to what extent a low to moderate aerobic exercise bout of a similar duration
affects motor skill learning when performed post acquisition and measured with delayed reten-
tion tests. We proposed the following hypothesis; the level of consolidation of a newly acquired
motor skill, measured via retention tests at 1 (R1) and 7 days (R7), would depend on the inten-
sity of the exercise performed in a dose-response manner. The higher the intensity the more
pronounced the consolidation of the long term memory.

Materials & Methods

Subjects
Thirty-six able-bodied, healthy, right-handed males, 24 ± 3 (SD) years old were recruited from
the Copenhagen area to participate in the study (Table 1). Right-handedness for each subject
was evaluated with the Edinburgh Handedness Inventory (84.4 ± 21.7) [26]. At the time of
recruitment for the study all subjects were naïve to the VAT used to investigate motor skill
learning and procedural memory. Exclusion criteria for participation in the study included: age
below 20 or over 35, body mass index (BMI) above 30, a history of neurological, psychiatric or
medical diseases and a current intake of medication and/or recreational drugs, which could
have an impact on learning and/or the central nervous system. All subjects gave their written
informed consent prior to testing. The experiments were approved by the local ethics commit-
tee for the Greater Copenhagen area (protocol H-2-2011-032) and the study was performed in
accordance with the declaration of Helsinki.

Visuomotor Accuracy Tracking Task (VAT)
Subjects were seated on a 65cm high chair at a table in front of a computer screen. Their right
forearm was fixed in a custom made frame with the elbow joint angle at 100–110° while their
left arm rested on the table in front of them. At the distal end of the custom made frame a verti-
cal cylindrical handle with a diameter of 2.5cm and a length of 14.5cm allowed subjects to grip
with a completely closed fist. The handle was attached to a strain gauge, which transferred
information on the torque created. Subjects were able to apply force to the handle with isomet-
ric muscle contractions in a lateral and medial direction (i.e. wrist extension and flexion). See
Fig 1 for an illustration of the VAT setup.

Each VAT trial consisted of a fixed target consisting of a triple sine wave curve (see Fig 1),
which subjects then had to track as accurately as possible by moving a cursor trace up and
down respectively with wrist extension moving the cursor upwards and flexion moving it
downwards. With no lateral or medial force applied to the handle the cursor would return to
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Table 1. Descriptive data of study participants (groupmean ± SD).

CON EX45 EX90

No. of subjects 12 12 12

Age (years) 24.2 ± 3.0 23.5 ± 2.3 24.3 ± 2.3

Weight (kg) 81.7 ± 10.0 80.4 ± 6.5 77.9 ± 12.5

Height (cm) 185.8 ± 6.0 186.5 ± 6.8 180.1 ± 9.1

BMI (kg/m2) 23.7 ± 2.6 23.4 ± 1.0 23.9 ± 2.4

IPAQ (low/moderate/high) 0/4/8 0/2/10 0/2/10

VO2peak (ml O2/min/kg) 51.0 ± 4.6 49.7 ± 3.8 51.1 ± 4.6

Wmax (W) 325.0 ± 50.0 325.0 ± 39.9 320.8 ± 39.7

Baseline VAT Score 51.5 ± 8.9 52.4 ± 9.6 49.2 ± 9.3

BMI = Body Mass Index, IPAQ = International Physical Activity Questionnaire (Long)

doi:10.1371/journal.pone.0159589.t001

Fig 1. The visuomotor accuracy tracking task (VAT). Illustration of the setup for the visuomotor accuracy tracking task (VAT).

doi:10.1371/journal.pone.0159589.g001
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the pre-determined baseline position. The cursor moved with a constant velocity from left to
right taking 8s for each trial. The closer the cursor was moved to the target, the better the score.

Handle torque force was digitized and sampled at 500Hz with a USB 6228 DAQ (Data
Acquisition) board (National Instruments Inc., USA). A customized script built on MATLAB
(MathWorks Inc., USA) was used to run the VAT. After each trial feedback on performance
was provided on the screen by means of a score from 0–100. The score was calculated as a
reverse function of the measure of total error between the double sine curve and the trace pro-
duced by the subject. The error score was defined as the mean vertical distance from the fixed
target in relation to its distance from the “zero” position of the cursor when force = 0N. If the
root mean square (RMS) error exceeded two times the distance from target to baseline the
score was zero. A RMS error of 0 equaled a score of 100. This was calculated at all sampled data
points across each trial. Subjects performed the VAT on three occasions: at the main experi-
ment (acquisition), at the 1 day retention test (R1) and at the 7 day retention test (R7). The
acquisition phase consisted of 5 blocks (B1, B2, B3, B4, B5) of 20 trials (100 trials in total) with
each block taking 4 min to complete with rest periods of 2 min between blocks giving a total
time of 28 min performing the VAT.

Before starting the VAT at acquisition, R1 and R7 all subjects performed a familiarization
trial with a single sine wave and had to score�50 three times consecutively with the correct
tracking direction at the first deflection of the target in order to proceed. This was done to min-
imize differences at baseline that could have affected the final levels of performance at block 5
(B5). At the start of all VAT sessions the apparatus was reset with the subject holding the han-
dle at rest with their wrist in the neutral start position. Furthermore, at acquisition, the VAT
was introduced via a standardized presentation lasting 5 minutes. The VAT model was based
on similar visuomotor tasks used to induce a robust learning effect [14, 27–29].

Baseline was defined as the mean score for trials 2–20 in block 1 (B1) and Block 5 (B5) rep-
resented the post motor learning level. A single block of 20 trials was performed at R1 and R7
without feedback (score) for each trial [30]. The mean score for trial 2–20 in each block was
used as a measure of retention. The first trial was omitted to ensure any adverse effects on the
retention tests due to large variability relating to initiation of the test block. The 7 day retention
test (R7) included an additional training block, R7Tr, consisting of 20 trials with feedback as
the performance score. This was used to check for saturation in the VAT and to assess for a
potential ceiling effect in skill level where mean scores (trial 2–20) were compared to R7. Sub-
jects therefore performed a total of 160 trials throughout the whole experiment.

Graded Maximal Exercise Test
The graded maximal exercise test was conducted in order to assess the subject’s aerobic fitness
level (VO2peak), maximal power output (Wmax) and to collect blood lactate samples at various
workloads. The test was conducted following the protocol used by Roig and colleagues [14]. A
5 min warm-up with 75W preceded the graded test on the cycle ergometer (Ergomedic 939E,
Monark, Sweden). Subjects were required to maintain a cadence of�80RPM during the warm-
up and the duration of the test. Immediately following the warm-up resistance was increased to
100W and then increased with increments of 50W every 3 min. Subjects were instructed to
cycle to exhaustion and strong verbal encouragement was given during the test.

Pulmonary ventilation, oxygen consumption, heart rate (Polar Electro, Kempele, Finland),
exhaled CO2 and respiratory exchange ratio (RER) were measured continuously and updated
online every 15s (MasterScreen CPX1, Carefusion, Germany). Measures of blood lactate were
collected and determined with the finger prick method from the non-dominant hand (Accu-
trend1 Plus System, Roche Diagnostics, Switzerland) at rest prior to the test start, during the
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last 30s of each work interval, at exhaustion and 5 min after exhaustion. VO2peak was deter-
mined when at least one of the following criteria was met: a plateau in the VO2 curve, an
RER� 1.1, an inability to maintain 80RPM and/or volitional exhaustion. Mean values for rela-
tive VO2peak and Wmax for each group can be seen in Table 1.

Exercise Protocol
The exercise protocol for EX45 and EX90 was similar to that from the studies of Roig et al. [14]
and Mang et al. [15]. The total duration of the exercise was limited (17min) in order avoid
excessive fatigue and/or dehydration, which could potentially have a negative effect on memory
processing [31, 32]. Subjects were required to complete a four minute warm-up, after which
they completed 3 intervals of 3min duration on a cycle ergometer separated by a 2min active
rest interval while keeping a cadence of�80RPM. Heart rate was monitored and recorded
(Polar Electro, Kempele, Finland) for the duration of the exercise bout, rate of perceived exer-
tion (RPE) values (Borg Scale) [33] were recorded during work and active rest intervals and
blood lactate measurements were taken at rest prior to exercise, at completion of each work
interval then again at 5 min post exercise completion.

The work and active rest intensities for the two exercise groups were calculated on the basis
of the maximum power output (Wmax) achieved during the graded maximal exercise test. For
the high intensity group, EX90, the protocol was designed to ensure high levels of blood lactate
(�10mmol/L) and was performed in the following way; 2min at 100W, 2min at 60%Wmax,
3min at 90%Wmax, 2min at 60%Wmax, 3min at 90%Wmax, 2min at 60%Wmax, 3min at 90%
Wmax. The exercise format for the EX45 group was the same with the work load adjusted dur-
ing the warm-up to 50W and in the three 3 min intervals set at 45% of Wmax and the rest inter-
vals at 25% of Wmax.

Study Design
A schematic illustration of the study design can be seen in Fig 2. Subjects were required to
visit the laboratory on four separate occasions with the aim of assessing the effects of a low
(EX45) and high (EX90) intensity exercise bout respectively on the consolidation of a newly
acquired motor skill measured with delayed retention tests. The first visit involved screening
for preliminary and baseline measurements and subjects performed the graded maximal exer-
cise test.

At least 1 day after the screening session, subjects returned to the laboratory to complete the
main experimental session and were required to refrain from exercising during this period.
Subjects then returned to the laboratory exactly 1 day and 7 days after the main experiment to
complete the retention tests, R1 and R7 respectively. All sessions were carried out at the same
time of day (± 2h). Randomization was stratified to ensure that the groups were matched for
age, BMI, relative peak oxygen consumption (VO2peak: mlO2�min-1�kg-1) and baseline score in
the VAT. The subjects were required to abstain from physical activity 2 hours before and 4
hours after the tests sessions. They were also required to refrain from caffeinated products in
the same time frame [34].

Main Experiment and Retention Tests
On arrival at the laboratory subjects were required to complete the Positive and Negative Affect
Schedule scale (PANAS) [35]. The scale was used to determine positive (PA) and negative
(NA) affects before VAT acquisition, R1 and R7 respectively. Subjects completed the Stanford
Sleepiness questionnaire [36] prior to starting VAT acquisition. Following the completion of
block 3 of the VAT subjects completed a flow questionnaire relating to how they evaluated
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their mental state and performance [37]. This was the Danish version of the 13-item Flow Kurz
Skala [38] which has been previously used and described by this group [39]. Similarly an
Intrinsic Motivation Inventory (IMI) [40] was filled out on completion of the VAT.

At 20min post VAT the subjects assigned to the control group (CON) remained seated
while the two exercise groups completed the standardized acute exercise bout on a cycle ergom-
eter in an adjacent laboratory. The main experiment was concluded with the completion of the
Montréal Sleep Diary for the night preceding the main experiment. This was an adapted sleep
questionnaire based on the Pittsburgh Sleep Diary [41], which has been used in numerous
studies [42–44].

At the 1 day retention test (R1) subjects were required to complete a retention test in the
VAT, without feedback. The removal of feedback (performance score) at the retention tests
was done to exclude any learning effects, which might relate to receiving feedback such as guid-
ance and motivation [30]. This format was also repeated at the 7 day retention test (R7) and an
additional training block (R7Tr) in the VAT with feedback was completed in order to check for
continued learning potential and thus rule out a potential ceiling effect in skill improvement.
Both retention tests were concluded with the Montréal Sleep Diary.

Fig 2. Study Design. Schematic illustration of the study design.

doi:10.1371/journal.pone.0159589.g002
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Neuropsychological Tests and Questionnaires
On Day 1 (Screening), all subjects performed standardized neuropsychological tests of spatial
working memory (SWM) and sustained attention (rapid visual processing, RVP) with CAN-
TAB software (Cambridge Cognition Ltd, UK). Questionnaires were completed including the
Achievement Motives Scale (AMS) [45], the Task and Ego Orientation in Sport Questionnaire
(TEOSQ) [46], the International Physical Activity Questionnaire—Long (IPAQ) [47], flow
proneness [39, 48] and health background via a standardized general eligibility questionnaire.

Statistical Analysis
VAT parameters, exercise parameters and parameters from tests of sustained attention, spatial
working memory, PANAS, sleepiness, physical activity level and sleep were all analyzed by
means of linear mixed models with group-time interactions as fixed effects and subject-specific
random effects were fitted. Additionally, subject-by-time random effects were also included in
the model for VAT score to account for repeated measurements from the trials. The random
effects captured inherent variability between subjects. Separate models were fitted for the VAT
acquisition phase and the retention tests R1 & R7. Model checking was based on residual plots
and normal probability plots using the raw residuals.

The primary hypotheses addressed in this study corresponded to testing specific differences
in changes across the time points B5, R1, and R7, specified in terms of contrasts of parameter
estimates of the interaction effect (e.g., [49]). Specifically, approximate global F-tests were car-
ried out and, subsequently, model-based t-tests were used to identify the significant differences.
The resulting p-values were obtained from a standard normal distribution and multiplicity
adjusted using the single-step method in order to control inflation of family-wise type I error
rate.

Additionally, changes within intervention groups as well as between-group differences were
compared pairwise using model-based t-tests. As these comparisons were exploratory no
adjustment of p-values was applied. Data are reported as mean ± SEM unless otherwise stated;
where appropriate data are reported with 95% C.I. A significance level of 0.05 was applied.

All statistical tests were carried out in R (R Core Team, 2015). A linear mixed model
approach was applied to the data using the functionality of the packages lme4 [50], whereas the
specific comparisons and the corresponding t-tests and adjusted p-values were calculated using
the packagemultcomp [51].

Results

Subject Information
All subjects were in similar affective status (PANAS) as can be seen from the values in Table 2.
No differences were observed between groups for RVP, SWM and IPAQ levels at baseline
(Table 2).

Physiological Response
Group mean values for the low and high intensity bouts are presented in Table 3. A significant
difference between groups was observed for every exercise parameter (all p�0.05) apart from
baseline blood lactate levels. Blood lactate levels for time points pre, interval 1, 2 & 3 and 5 min
post exercise are presented in Fig 3. There was a significant Group x Time interaction between
EX45 and EX90 for blood lactate levels (F4,102 = 30.01 p<0.001), heart rate (F11,130 = 128.10
p<0.001) and RPE (F11,130 = 50.62 p<0.001).
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VAT Acquisition
From Baseline (B1) to B5 all groups showed similar significant improvement (F14,3399 = 155.1
p<0.001), with a mean increase of 45.65 ± 0.04% equivalent to an increase of 21.02 ± 1.04 in
mean score (Fig 4). There were no between-group differences at Baseline (B1), or at B2, B3, B4
or B5. This indicates that skill improvements during acquisition and, more importantly, skill
level at the end of acquisition, were similar among groups (Fig 4A).

VAT Retention Tests
There was a significant Group x Time interaction between B5-R1 (F4,2020 = 9.35 p<0.001).
Changes in mean scores from B5 to R1 for EX90 were greater than CON 3.14 ± 0.82 (p<0.001)

Table 2. Subject Data.

CON EX45 EX90

RVP (Total Hits) 21.0 ± 1.0 20.3 ± 1.4 23.1 ± 1.1

SWM (Total Errors) 11.6 ± 3.8 13.0 ± 2.6 11.9 ± 2.6

PANAS (PAS)

-Main Experiment 30.3 ± 7.6 30.6 ± 3.3 28.7 ± 6.3

-R1 28.9 ± 8.1 31.0 ± 6.1 28.9 ± 7.7

-R7 28.2 ± 9.7 29.1 ± 6.2 28.6 ± 9.1

PANAS (NAS)

-Main Experiment 11.8 ± 2.1 12.8 ± 2.5 12.3 ± 1.8

-R1 11.7 ± 1.9 11.6 ± 1.9 11.8 ± 1.8

-R7 11.9 ± 3.6 10.9 ± 1.9 10.8 ± 0.9

Stanford Sleepiness 2.6 ± 0.5 2.7 ± 0.7 2.8 ± 0.9

Montréal Sleep Diary (h)

-Main Experiment 7.8 ± 1.1 6.9 ± 1.1 7.3 ± 1.4

-R1 7.6 ± 1.1 8.1 ± 1.2* 7.6 ± 1.0

-R7 7.6 ± 0.8 7.8 ± 1.3* 7.4 ± 1.0

Subject data for tests of sustained attention, spatial working memory, PANAS, sleepiness, physical activity level and sleep (group mean ± SD).

* Significant difference from value at Main Experiment.

RVP = Rapid Visual Processing, SWM = Spatial Working Memory, PANAS = Positive and Negative Affect Schedule

doi:10.1371/journal.pone.0159589.t002

Table 3. Exercise Data.

EX45 EX90

(Work) Watt (W) 45/90%Wmax 146.5 ± 18.0 285.0 ± 39.9*

(Active Rest) Watt (W) 25/45%Wmax 81.5 ± 10.0 190.0 ± 26.6*

Baseline Lactate (mmol/l) 1.7 ± 0.7 1.5 ± 0.4

Peak Lactate (mmol/l) 2.7 ± 1.3 13.0 ± 5.4*

(Work)RPE 12.7 ± 1.1 17.0 ± 1.8*

(Active Rest)RPE 10.5 ± 1.5 13.7 ± 2.2*

(Work) Heart Rate (beats/min) 132.5 ± 14.7 173.6 ± 13.2*

(Active Rest) Heart Rate (beats/min) 113.2 ± 13.5 152.1 ± 13.6*

Exercise data for EX45 & EX90 groups (mean values ± SD).

RPE = Rating of Perceived Exertion

* Significant between-group difference (all p�0.05)

doi:10.1371/journal.pone.0159589.t003
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and these changes were also greater than the EX45 group 2.55 ± 0.82 (p = 0.011). A significant
Group x Time interaction was observed between B5-R7 (F2,2020 = 16.18 p<0.001). The EX90
group experienced greater changes in score 4.56 ± 0.81 (p<0.001) from B5 to R7 compared to
the CON group. Furthermore, there was a significant difference of 1.89 ± 0.81 (p = 0.049)
between the EX90 group compared to the EX45 group from B5 to R7 and similarly a significant
difference of 2.67 ± 0.81 (p = 0.003) between the EX45 group compared to the CON group
between the same time points (Fig 4B).

There was a significant Group x Time interaction between mean values at B5-R1-R7 (F8,2020 =
7.22 p<0.001). For the EX90 group there was a significant increase of 3.47 ± 0.57 (p<0.001) in
mean score at R7 compared to B5 (Fig 4A) corresponding to a relative increase of 5.12 ± 2.02%
(B5 70.48 ± 1.33; R7 73.95 ± 1.33). There was also a significant increase of 2.15 ± 0.59 (p<0.001)
in mean score at R1 compared to B5 and additionally from R1 to R7 1.32 ± 0.59 (p = 0.025) (B5
70.48 ± 1.33; R24 72.63 ± 1.34; R7 73.95 ± 1.33). Likewise, for the EX45 group there was a signifi-
cant increase of 1.58 ± 0.57 (p = 0.006) in mean score at R7 compared to B5 (B5 71.96 ± 1.33;
R7 73.54 ± 1.33), a relative increase of 2.24 ± 0.85%. There was also a significant increase of
1.98 ± 0.57 (p<0.001) from R1 to R7 for the EX45 group (R24 71.56 ± 1.33; R7 73.54 ± 1.33).
Mean changes in scores for the CON group from B5 to R1 were -0.98 ± 0.57 (p = 0.085) and at
R7–1.09 ± 0.57 (p = 0.056) but these did not reach statistical significance.

At R7 a significant between-group difference in mean scores of 4.29 ± 1.89 (p = 0.023) was
observed between CON and EX90 (CON69.66 ± 1.33; EX9073.95 ± 1.33). Likewise, at R7 the

Fig 3. Blood lactate levels.Mean blood lactate levels (mmol/L) for the low (EX45) and high (EX90) intensity exercise
groups (± SEM) at time points PRE, interval 1, 2 & 3 and 5 min POST exercise. * Significant difference compared to
PRE values. † Significant inter-group difference at time point (p<0.05).

doi:10.1371/journal.pone.0159589.g003
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difference in mean scores between CON and EX45 was 3.89 ± 1.89 (p = 0.040; CON 69.66 ±
1.33; EX45 73.54 ± 1.33).

7 Day Retention (R7) Training Block R7Tr Comparison
The Group x Time interaction between mean values at R7-R7Tr was significant (F2,1359 = 3.71
p<0.025). Changes in performance score from R7 to R7Tr for CON were greater than EX90
2.11 ± 0.55 (p<0.001). There was a significant difference in mean performance score between
time points R7 and R7Tr for CON 2.32 ± 0.58 (p<0.001) (R7 69.66 ± 1.34; R7Tr 71.98 ± 1.34)
and EX45 1.18 ± 0.55 (p = 0.031) (R7 73.54 ± 1.34; R7Tr 74.72 ± 1.34). Values for EX90 were
R7 73.95 ± 1.34: R7Tr 74.17 ± 1.34 (p = 0.691).

Discussion
The hypothesis for this study was that there exists a dose-response relationship between the
intensity of an acute aerobic exercise bout and the corresponding level of retention in a visuo-
motor tracking task measured as changes in performance scores 1 and 7 days after motor prac-
tice. Our main result supports this hypothesis demonstrating that a significantly greater change
in mean scores was observed for the high intensity exercise group (EX90) at 1 and 7 days com-
pared to both the low intensity (EX45) and resting control (CON) groups. The CON group
demonstrated a tendency towards an off-line decrease at 24h with a further decline at 7 days.
While the values for CON did not reach statistically significant levels, the between-group dif-
ferences between the control group and the EX90 and EX45 groups were significant at the 7
day retention test. Following the 7 day retention test only the CON and EX45 groups improved
motor performance with continued practice. This could indicate that EX90 had significantly
larger offline gains in motor performance compared to CON and EX90 and were approaching
a possible ceiling effect in the VAT task, and that the task may, to some extent, have limited the
effects observed for EX90.

Fig 4. Performance scores in the visuomotor accuracy tracking task (VAT). A: Mean scores (± SEM) in the VAT at acquisition
Baseline (B1), B2-4 and B5.B: Changes in mean scores (± SEM) for all groups in the VAT from Block 5 (B5) to 1d retention test (R1)
and 7d retention test (R7). * Significant change from B5 (p = 0.004). † Significant between-group difference (p<0.05).

doi:10.1371/journal.pone.0159589.g004
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We provide here additional information regarding the influence of one of the several
parameters within exercise, which can potentially affect the consolidation of procedural mem-
ory. Our results suggest that intensity of the acute exercise bout following motor skill acquisi-
tion is central to stimulating or amplifying the cellular mechanisms in the central nervous
system that underlie the consolidation process. There appears to be a connection between exer-
cise intensity, consolidation and the retention of procedural memories. It is well established
that systemic blood flow increases in line with a concurrent increase in exercise intensity and
these are accompanied by increases in biomarkers [3, 16, 52]. Similarly, a larger percentage of
skeletal muscle must be recruited as intensity increases involving a greater contribution from
the central nervous system. Whether exercise has an effect at a systemic level increasing blood
flow and activity in the central nervous system, or whether it is one or more of the biomarkers
released during exercise that contribute to this amplification effect is uncertain. It is possible
that it is a combination of multiple factors, which the following section will address.

Based on the results of Skriver et al. [16] lactate appears to be an important biomarker of
the effect of exercise on motor memory. It does not necessarily indicate that it is an elevated
blood lactate level per se, which triggers amplification of the plastic changes occurring at the
synaptic level. The increased production and release of lactate during high intensity exercise
potentially represents a signaling mechanism or mediator compound relating to the release of
BDNF [53] and motor memory formation [16, 54]. It is however unclear how the interplay and
contributions of lactate and various different compounds in humans affect learning and how
exercise seems to amplify these effects. Exercise at higher relative intensities have shown to lead
to greater release of a number of biomarkers of which BDNF and norepinephrine (NE) corre-
late with an increased level of retention of a motor skill [16] although associations between the
peripheral concentration of some of these neurochemicals and procedural memory are not
supported by all studies [15]. Other compounds, which may also play a role in memory pro-
cessing, namely epinephrine, dopamine and insulin like growth factor 1 (IGF-1) [16] are possi-
ble contributors having modulating effects. Peripheral measures of these compounds and their
role in plastic changes within the central nervous system must be approached with caution as
they are not necessarily an accurate correlate or predictor of improvements in motor skill
learning [16].

Similar to the 2012 study by Roig and colleagues [14] we observed a more pronounced dif-
ference in retention level after 7 days. This may be related to the proposed phases of memory
consolidation presented by Dudai and co-workers [55, 56]. Newly acquired memories, in this
case motor memory, are consolidated first of all at the cellular/synaptic level over a period of
minutes and hours following encoding and termed synaptic consolidation. The post-encoding
reorganization of long-term memory lasting days and years involving structural and network
changes is termed as systems consolidation and could partly explain the continued increase in
retention of the motor skill at 7 days. There is evidence to suggest that exercise may protect
newly established memory traces. This has been demonstrated by the recent study by Rhee and
co-workers [22]. While the type of task differed from the visuomotor accuracy tracking task
used here, exercise, placed in close temporal proximity to the encoding phase of a motor skill,
would seem to augment the consolidation process [23, 57]. The focus of the Rhee study was on
the effect of exercise in relation to interference and a broad enhancement and protection of the
off-line gains of task A was observed when performed immediately prior to a second interfering
task (B) at 2h post.

During the consolidation phase procedural memory can potentially be enhanced and/or sta-
bilized [55, 56, 58, 59]. There is also the potential for interference during this phase [60–63]
but it would seem that the placement of exercise here can lead to an enhancement of the mem-
ory [14]. This further underlines the extent to which consolidation is susceptible to both
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positive and negative influences. The acquisition and retention of motor skills have been
shown to be susceptible to changes in and/or states of awareness [64], sleepiness, mood [48],
motivation and relating to motivation the type and timing of feedback and/or cues [17, 64].
The homogeneity of the three groups at the outset of the study where subjects were also
matched for age, BMI, relative aerobic capacity and baseline score in the visuomotor tracking
task (Tables 1 & 2), allows us to more confidently attribute the differences in retention between
groups to be related to the exercise intervention.

Regarding the potential for incorporating exercise into motor skill learning scenarios there
are a number of considerations. It would seem that an acute bout of high intensity aerobic
exercise following acquisition of a new motor skill improves the skill level by promoting an
increased level of long-term retention. This may be a viable method with healthy, moderately
trained individuals, as shown in this study, but may not be a viable alternative for certain
patient groups in a rehabilitation setting or the elderly [65]. Performing a bout of high intensity
exercise is both physically and mentally taxing and if a similar positive effect on retention
could be elicited by reducing the intensity then this would provide a more practically viable
option [66].

The effects of low intensity exercise on retention seem to be present but not as pronounced
as the effects of high intensity exercise. The work conducted by Statton and co-workers [20] and
Snow et al. [21] on moderate intensity exercise and skill acquisition, therefore, can be seen to
support this finding although it is important to underline the fact that the exercise bout was
placed prior to motor skill acquisition in these studies. In the present study exercise was placed
following skill acquisition and low intensity exercise led to a significant change in mean score for
the low intensity group compared to the control group after 7 days. The larger positive effects
observed for intense exercise do not necessarily mean that moderate or low intensity exercise
cannot be applied, but rather that it is a trade off in certain groups between improvements in
motor skill learning and responsible, viable practices in a clinical setting. Studies applying exer-
cise in a clinical setting for the sick, weak or elderly will provide additional information [67].
The practical application of the results from this study in a clinical setting must also be
approached with caution as the participants here were young healthy males with relatively high
aerobic fitness levels. While high intensity exercise could be applied in a clinical setting or for
the elderly it would be necessary to screen for contra indications and take appropriate precau-
tions for safety, whereas low intensity exercise bouts provide a viable alternative.

Conclusions
An acute bout of high intensity aerobic exercise improves consolidation of a visuomotor track-
ing task (VAT) where significant improvements are seen at 1 and 7 days post acquisition of the
motor skill. These improvements were observed both in the low and high intensity exercise
groups compared to a control group that rested post acquisition. Importantly, the high inten-
sity exercise group demonstrated a higher level of retention than both the control and low
intensity group at 1 and 7 days. This result suggests that there is a dose-response relationship
between exercise intensity and retention level in this type of task when exercise is performed 20
min after motor skill acquisition. The results also emphasize the importance of studying the
effects of exercise intensity in modulating potential mechanisms underlying the effects of acute
exercise on motor memory.

Author Contributions
Conceived and designed the experiments: RT SSG LCMR JLJ. Performed the experiments: RT
LKJ JLJ LC. Analyzed the data: RT LKJ JLJ CR. Wrote the paper: RT JLJ LKJ SSG MR CR LC.

Exercise and Memory Consolidation

PLOS ONE | DOI:10.1371/journal.pone.0159589 July 25, 2016 13 / 16



References
1. Hillman CH, Erickson KI, Kramer AF. Be smart, exercise your heart: exercise effects on brain and cog-

nition. Nature reviews neuroscience. 2008; 9(1):58–65. PMID: 18094706

2. van Praag H. Exercise and the brain: something to chew on. Trends Neurosci. 2009; 32(5):283–90. doi:
10.1016/j.tins.2008.12.007 PMID: 19349082; PubMed Central PMCID: PMC2680508.

3. Hillman CH, Pontifex M, Themanson JR. Acute exercise and physiological functions: a cognitive-ener-
getic approach McMorris T, Tomporowski PD, Audiffren M, editors2009.

4. Monti JM, Hillman CH, Cohen NJ. Aerobic fitness enhances relational memory in preadolescent chil-
dren: The FITKids randomized control trial. Hippocampus. 2012; 22(9):1876–82. doi: 10.1002/hipo.
22023 PMID: 22522428

5. Raine LB, Lee HK, Saliba BJ, Chaddock-Heyman L, Hillman CH, Kramer AF. The influence of child-
hood aerobic fitness on learning and memory. PloS one. 2013; 8(9):e72666. doi: 10.1371/journal.pone.
0072666 PMID: 24039791

6. Colcombe SJ, Erickson KI, Scalf PE, Kim JS, Prakash R, McAuley E, et al. Aerobic exercise training
increases brain volume in aging humans. The Journals of Gerontology Series A: Biological Sciences
and Medical Sciences. 2006; 61(11):1166–70.

7. Colcombe SJ, Kramer AF, Erickson KI, Scalf P, McAuley E, Cohen NJ, et al. Cardiovascular fitness,
cortical plasticity, and aging. Proceedings of the National Academy of Sciences of the United States of
America. 2004; 101(9):3316–21. PMID: 14978288

8. Etnier JL, Salazar W, Landers DM, Petruzzello SJ, Han M, Nowell P. The Influence of Physical Fitness
and Exercise Upon Cognitive Functioning: A Meta-Analysis. Journal of Sport & Exercise Psychology.
1997; 19:249–77.

9. McMorris T, Collard K, Corbett J, Dicks M, Swain J. A test of the catecholamines hypothesis for an
acute exercise–cognition interaction. Pharmacology Biochemistry and Behavior. 2008; 89(1):106–15.

10. Voelcker-Rehage C, Godde B, Staudinger UM. Cardiovascular and coordination training differentially
improve cognitive performance and neural processing in older adults. Frontiers in human Neurosci-
ence. 2011; 5:26. doi: 10.3389/fnhum.2011.00026 PMID: 21441997

11. Winter B, Breitenstein C, Mooren FC, Voelker K, Fobker M, Lechtermann A, et al. High impact running
improves learning. Neurobiology of learning and memory. 2007; 87(4):597–609. PMID: 17185007

12. Labban JD, Etnier JL. Effects of acute exercise on long-termmemory. Research quarterly for exercise
and sport. 2011; 82(4):712–21. PMID: 22276413

13. Roig M, Nordbrandt S, Geertsen SS, Nielsen JB. The effects of cardiovascular exercise on human
memory: A review with meta-analysis. Neuroscience & Biobehavioral Reviews. 2013.

14. Roig M, Skriver K, Lundbye-Jensen J, Kiens B, Nielsen JB. A single bout of exercise improves motor
memory. PloS one. 2012; 7(9):e44594. doi: 10.1371/journal.pone.0044594 PMID: 22973462

15. Mang CS, Snow NJ, Campbell KL, Ross CJ, Boyd LA. A single bout of high-intensity aerobic exercise
facilitates response to paired associative stimulation and promotes sequence-specific implicit motor
learning. Journal of applied physiology. 2014; 117(11):1325–36. doi: 10.1152/japplphysiol.00498.2014
PMID: 25257866

16. Skriver K, Roig M, Lundbye-Jensen J, Pingel J, Helge JW, Kiens B, et al. Acute exercise improves
motor memory: Exploring potential biomarkers. Neurobiology of Learning and Memory. 2014; 116:46–
58. doi: 10.1016/j.nlm.2014.08.004 PMID: 25128877

17. Robertson EM. Skill learning: putting procedural consolidation in context. Current Biology. 2004; 14
(24):R1061–R3. PMID: 15620642

18. Walker MP, Stickgold R. It's practice, with sleep, that makes perfect: implications of sleep-dependent
learning and plasticity for skill performance. Clinics in Sports Medicine. 2005; 24(2):301–17. PMID:
15892925

19. Luft AR, Buitrago MM. Stages of Motor Skill Learning. Molecular Neurobiology. 2005; 32(3):205–16.
PMID: 16385137

20. Statton MA, Encarnacion M, Celnik P, Bastian AJ. A Single Bout of Moderate Aerobic Exercise
Improves Motor Skill Acquisition. PloS one. 2015; 10(10):e0141393. doi: 10.1371/journal.pone.
0141393 PMID: 26506413

21. Snow NJ, Mang CS, Roig M, McDonnell MN, Campbell KL, Boyd LA. Effects of an acute bout of moder-
ate-intensity aerobic exercise on motor learning in a continuous tracking task. PloS one. 2016;(22; 11
(2):e0150039). doi: 10.1371/journal.pone.0150039 PMID: 26901664

22. Rhee J, Chen J, Riechman SM, Handa A, Bhatia S, Wright DL. An acute bout of aerobic exercise can
protect immediate offline motor sequence gains. Psychological Research. 2015:1–14.

Exercise and Memory Consolidation

PLOS ONE | DOI:10.1371/journal.pone.0159589 July 25, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/18094706
http://dx.doi.org/10.1016/j.tins.2008.12.007
http://www.ncbi.nlm.nih.gov/pubmed/19349082
http://dx.doi.org/10.1002/hipo.22023
http://dx.doi.org/10.1002/hipo.22023
http://www.ncbi.nlm.nih.gov/pubmed/22522428
http://dx.doi.org/10.1371/journal.pone.0072666
http://dx.doi.org/10.1371/journal.pone.0072666
http://www.ncbi.nlm.nih.gov/pubmed/24039791
http://www.ncbi.nlm.nih.gov/pubmed/14978288
http://dx.doi.org/10.3389/fnhum.2011.00026
http://www.ncbi.nlm.nih.gov/pubmed/21441997
http://www.ncbi.nlm.nih.gov/pubmed/17185007
http://www.ncbi.nlm.nih.gov/pubmed/22276413
http://dx.doi.org/10.1371/journal.pone.0044594
http://www.ncbi.nlm.nih.gov/pubmed/22973462
http://dx.doi.org/10.1152/japplphysiol.00498.2014
http://www.ncbi.nlm.nih.gov/pubmed/25257866
http://dx.doi.org/10.1016/j.nlm.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25128877
http://www.ncbi.nlm.nih.gov/pubmed/15620642
http://www.ncbi.nlm.nih.gov/pubmed/15892925
http://www.ncbi.nlm.nih.gov/pubmed/16385137
http://dx.doi.org/10.1371/journal.pone.0141393
http://dx.doi.org/10.1371/journal.pone.0141393
http://www.ncbi.nlm.nih.gov/pubmed/26506413
http://dx.doi.org/10.1371/journal.pone.0150039
http://www.ncbi.nlm.nih.gov/pubmed/26901664


23. Thomas R, Beck MM, Lind RR, Johnsen LK, Geertsen SS, Christiansen L, et al. Acute Exercise and
Motor Memory Consolidation: The Role of Exercise Timing Neural Plasticity 2016. 10.1155/2016/
6205452.

24. Singh AM, Neva JL, StainesWR. Aerobic exercise enhances neural correlates of motor skill learning.
Behavioural brain research. 2016; 301:19–26. doi: 10.1016/j.bbr.2015.12.020 PMID: 26706889

25. Singh AM, StainesWR. The effects of acute aerobic exercise on the primary motor cortex. J Mot
Behav. 2015; 47(4):328–39. doi: 10.1080/00222895.2014.983450 PMID: 25565153.

26. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsycholo-
gia. 1971; 9(1):97–113. PMID: 5146491

27. Perez MA, Lundbye-Jensen J, Nielsen JB. Changes in corticospinal drive to spinal motoneurones fol-
lowing visuo-motor skill learning in humans. The Journal of Physiology. 2006; 573(3):843–55.

28. Perez MA, Lungholt BK, Nyborg K, Nielsen JB. Motor skill training induces changes in the excitability of
the leg cortical area in healthy humans. Exp Brain Res. 2004; 159(2):197–205. doi: 10.1007/s00221-
004-1947-5 PMID: 15549279.

29. Jensen JL, Marstrand PC, Nielsen JB. Motor skill training and strength training are associated with dif-
ferent plastic changes in the central nervous system. Journal of applied physiology. 2005; 99(4):1558–
68. PMID: 15890749

30. Salmoni AW, Schmidt RA, Walter CB. Knowledge of results and motor learning: a review and critical
reappraisal. Psychological Bulletin. 1984; 95(3):355. PMID: 6399752

31. Grego F, Vallier J, Collardeau M, Rousseu C, Cremieux J, Brisswalter J. Influence of exercise duration
and hydration status on cognitive function during prolonged cycling exercise. International Journal of
Sports Medicine. 2005; 26(1):27–33. PMID: 15643531

32. Cian C, Koulmann N, Barraud P, Raphel C, Jimenez C, Melin B. Influences of variations in body hydra-
tion on cognitive function: Effect of hyperhydration, heat stress, and exercise-induced dehydration.
Journal of Psychophysiology. 2000; 14(1):29.

33. Borg GA. Psychophysical bases of perceived exertion. Medicine & Science Sports & Exercise. 1982;
14(5):377–81.

34. Borota D, Murray E, Keceli G, Chang A, Watabe JM, Ly M, et al. Post-study caffeine administration
enhances memory consolidation in humans. Nature Neuroscience. 2014; 17(2):201–3. doi: 10.1038/
nn.3623 PMID: 24413697

35. Watson D, Clark LA. The PANAS-X: Manual for the positive and negative affect schedule-expanded
form. 1999.

36. Hoddes E, Zarcone V, Smythe H, Phillips R, Dement W. Quantification of sleepiness: a new approach.
Psychophysiology. 1973; 10(4):431–6. PMID: 4719486

37. Moneta GB, Csikszentmihalyi M. The effect of perceived challenges and skills on the quality of subjec-
tive experience. Journal of Personality. 1996; 64(2):275–310. PMID: 8656320

38. Rheinberg F, Vollmeyer R. Flow-Erleben in einem Computerspiel unter experimentell variierten Bedin-
gungen. Zeitschrift für Psychologie. 2003; 211(4):161–70.

39. Elbe AM, Strahler K, Krustrup P, Wikman J, Stelter R. Experiencing flow in different types of physical
activity intervention programs: three randomized studies. Scandinavian journal of medicine & science
in sports. 2010; 20(s1):111–7.

40. Ryan RM. Control and information in the intrapersonal sphere: An extension of cognitive evaluation the-
ory. Journal of Personality and Social Psychology. 1982; 43(3):450.

41. Monk TH, Reynolds CF, Kupfer DJ, Buysse DJ, Coble PA, Hayes AJ, et al. The Pittsburgh sleep diary.
Journal of Sleep Research. 1994; 3(2):111–20. PMID: 10607115

42. Doyon J, Korman M, Morin A, Dostie V, Tahar AH, Benali H, et al. Contribution of night and day sleep
vs. simple passage of time to the consolidation of motor sequence and visuomotor adaptation learning.
Experimental Brain Research. 2009; 195(1):15–26. doi: 10.1007/s00221-009-1748-y PMID: 19277618

43. Wilson JK, Baran B, Pace-Schott EF, Ivry RB, Spencer RM. Sleep modulates word-pair learning but
not motor sequence learning in healthy older adults. Neurobiology of Aging. 2012; 33(5):991–1000. doi:
10.1016/j.neurobiolaging.2011.06.029 PMID: 22244090

44. Maquet P, Schwartz S, Passingham R, Frith C. Sleep-related consolidation of a visuomotor skill: brain
mechanisms as assessed by functional magnetic resonance imaging. The Journal of Neuroscience.
2003; 23(4):1432–40. PMID: 12598632

45. Elbe AM, Wenhold F. Cross‐cultural test‐control criteria for the achievement motives scale‐sport. Inter-
national Journal of Sport and Exercise Psychology. 2005; 3(2):163–77.

Exercise and Memory Consolidation

PLOS ONE | DOI:10.1371/journal.pone.0159589 July 25, 2016 15 / 16

http://dx.doi.org/10.1016/j.bbr.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/26706889
http://dx.doi.org/10.1080/00222895.2014.983450
http://www.ncbi.nlm.nih.gov/pubmed/25565153
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://dx.doi.org/10.1007/s00221-004-1947-5
http://dx.doi.org/10.1007/s00221-004-1947-5
http://www.ncbi.nlm.nih.gov/pubmed/15549279
http://www.ncbi.nlm.nih.gov/pubmed/15890749
http://www.ncbi.nlm.nih.gov/pubmed/6399752
http://www.ncbi.nlm.nih.gov/pubmed/15643531
http://dx.doi.org/10.1038/nn.3623
http://dx.doi.org/10.1038/nn.3623
http://www.ncbi.nlm.nih.gov/pubmed/24413697
http://www.ncbi.nlm.nih.gov/pubmed/4719486
http://www.ncbi.nlm.nih.gov/pubmed/8656320
http://www.ncbi.nlm.nih.gov/pubmed/10607115
http://dx.doi.org/10.1007/s00221-009-1748-y
http://www.ncbi.nlm.nih.gov/pubmed/19277618
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.029
http://www.ncbi.nlm.nih.gov/pubmed/22244090
http://www.ncbi.nlm.nih.gov/pubmed/12598632


46. Duda J, Chi L, Newton M, editors. Psychometric characteristics of the TEOSQ. annual meeting of the
North American Society for the Psychology of Sport and Physical Activity, University of Houston, TX;
1990.

47. Hagströmer M, Oja P, Sjöström M. The International Physical Activity Questionnaire (IPAQ): a study of
concurrent and construct validity. Public Health Nutrition. 2006; 9(06):755–62.

48. Engeser S, Rheinberg F. Flow, performance and moderators of challenge-skill balance. Motivation and
Emotion. 2008; 32(3):158–72.

49. Kitsche A, Schaarschmidt F. Analysis of Statistical Interactions in Factorial Experiments. Journal of
Agronomy and Crop Science. 2015; 201(1):69–79.

50. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models using lme4. arXiv preprint
arXiv:14065823. 2014.

51. Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models. Biometrical Jour-
nal. 2008.

52. Dishman RK, Berthoud HR, Booth FW, Cotman CW, Edgerton VR, Fleshner MR, et al. Neurobiology of
exercise. Obesity. 2006; 14(3):345–56. PMID: 16648603

53. Schiffer T, Schulte S, Sperlich B, Achtzehn S, Fricke H, Strüder HK. Lactate infusion at rest increases
BDNF blood concentration in humans. Neuroscience letters. 2011; 488(3):234–7. doi: 10.1016/j.neulet.
2010.11.035 PMID: 21094220

54. McHughen SA, Rodriguez PF, Kleim JA, Kleim ED, Crespo LM, Procaccio V, et al. BDNF val66met
polymorphism influences motor system function in the human brain. Cerebral Cortex. 2010; 20
(5):1254–62. doi: 10.1093/cercor/bhp189 PMID: 19745020

55. Dudai Y. The restless engram: consolidations never end. Annual Review of Neuroscience. 2012;
35:227–47. doi: 10.1146/annurev-neuro-062111-150500 PMID: 22443508

56. Dudai Y. The neurobiology of consolidations, or, how stable is the engram? Annu Rev Psychol. 2004;
55:51–86. PMID: 14744210

57. Roig M, Thomas R, Mang CS, Snow NJ, Ostadan F, Boyd LA, et al. Time-dependent Effects of Cardio-
vascular Exercise on Memory. Exercise and Sport Sciences Reviews. 2016; 44(2)(Apr):81–8. doi: 10.
1249/JES.0000000000000078 PMID: 26872291.

58. Muellbacher W, Ziemann U, Wissel J, Dang N, Kofler M, Facchini S, et al. Early consolidation in human
primary motor cortex. Nature. 2002; 415(6872):640–4. PMID: 11807497

59. Kantak SS, Sullivan KJ, Fisher BE, Knowlton BJ, Winstein CJ. Neural substrates of motor memory con-
solidation depend on practice structure. Nature Neuroscience. 2010; 13(8):923–5. doi: 10.1038/nn.
2596 PMID: 20622872

60. Lundbye-Jensen J, Petersen TH, Rothwell JC, Nielsen JB. Interference in ballistic motor learning: spec-
ificity and role of sensory error signals. PloS one. 2011; 6(3):e17451. doi: 10.1371/journal.pone.
0017451 PMID: 21408054

61. Shadmehr R, Brashers-Krug T. Functional stages in the formation of human long-termmotor memory.
The Journal of Neuroscience. 1997; 17(1):409–19. PMID: 8987766

62. Brashers-Krug T, Shadmehr R, Bizzi E. Consolidation in humanmotor memory. Nature. 1996; 382
(6588):252–5. PMID: 8717039

63. Criscimagna-Hemminger SE, Shadmehr R. Consolidation patterns of human motor memory. The Jour-
nal of Neuroscience. 2008; 28(39):9610–8. doi: 10.1523/JNEUROSCI.3071-08.2008 PMID: 18815247

64. Robertson EM, Pascual-Leone A, Press DZ. Awareness modifies the skill-learning benefits of sleep.
Current Biology. 2004; 14(3):208–12. PMID: 14761652

65. Potempa K, Lopez M, Braun LT, Szidon JP, Fogg L, Tincknell T. Physiological outcomes of aerobic
exercise training in hemiparetic stroke patients. Stroke. 1995; 26(1):101–5. PMID: 7839377

66. Segal SK, Cotman CW, Cahill LF. Exercise-induced noradrenergic activation enhances memory con-
solidation in both normal aging and patients with amnestic mild cognitive impairment. Journal of Alzhei-
mer's Disease. 2012; 32(4):1011–8. doi: 10.3233/JAD-2012-121078 PMID: 22914593

67. Murdoch K, Buckley JD, McDonnell MN. The Effect of Aerobic Exercise on Neuroplasticity within the
Motor Cortex following Stroke. PloS one. 2016; 11(3):e0152377. doi: 10.1371/journal.pone.0152377
PMID: 27018862

Exercise and Memory Consolidation

PLOS ONE | DOI:10.1371/journal.pone.0159589 July 25, 2016 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/16648603
http://dx.doi.org/10.1016/j.neulet.2010.11.035
http://dx.doi.org/10.1016/j.neulet.2010.11.035
http://www.ncbi.nlm.nih.gov/pubmed/21094220
http://dx.doi.org/10.1093/cercor/bhp189
http://www.ncbi.nlm.nih.gov/pubmed/19745020
http://dx.doi.org/10.1146/annurev-neuro-062111-150500
http://www.ncbi.nlm.nih.gov/pubmed/22443508
http://www.ncbi.nlm.nih.gov/pubmed/14744210
http://dx.doi.org/10.1249/JES.0000000000000078
http://dx.doi.org/10.1249/JES.0000000000000078
http://www.ncbi.nlm.nih.gov/pubmed/26872291
http://www.ncbi.nlm.nih.gov/pubmed/11807497
http://dx.doi.org/10.1038/nn.2596
http://dx.doi.org/10.1038/nn.2596
http://www.ncbi.nlm.nih.gov/pubmed/20622872
http://dx.doi.org/10.1371/journal.pone.0017451
http://dx.doi.org/10.1371/journal.pone.0017451
http://www.ncbi.nlm.nih.gov/pubmed/21408054
http://www.ncbi.nlm.nih.gov/pubmed/8987766
http://www.ncbi.nlm.nih.gov/pubmed/8717039
http://dx.doi.org/10.1523/JNEUROSCI.3071-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815247
http://www.ncbi.nlm.nih.gov/pubmed/14761652
http://www.ncbi.nlm.nih.gov/pubmed/7839377
http://dx.doi.org/10.3233/JAD-2012-121078
http://www.ncbi.nlm.nih.gov/pubmed/22914593
http://dx.doi.org/10.1371/journal.pone.0152377
http://www.ncbi.nlm.nih.gov/pubmed/27018862

