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We have recently shown that a single bout of acute cardiovascular exercise improves motor skill learning
through an optimization of long-term motor memory. Here we expand this previous finding, to explore
potential exercise-related biomarkers and their association with measures of motor memory and skill
acquisition. Thirty-two healthy young male subjects were randomly allocated into either an exercise
or control group. Following either an intense bout of cycling or rest subjects practiced a visuomotor track-
ing task. Motor skill acquisition was assessed during practice and retention 1 h, 24 h and 7 days after
practice. Plasma levels of brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor
(VEGF), insulin-like growth factor (IGF-1), epinephrine, norepinephrine, dopamine and lactate were ana-
lyzed at baseline, immediately after exercise or rest and during motor practice. The exercise group
showed significantly better skill retention 24 h and 7 days after acquisition. The concentration of all
blood compounds increased significantly immediately after exercise and remained significantly elevated
for 15 min following exercise except for BDNF and VEGF. Higher concentrations of norepinephrine and
lactate immediately after exercise were associated with better acquisition. Higher concentrations of
BDNF correlated with better retention 1 h and 7 days after practice. Similarly, higher concentrations of
norepinephrine were associated with better retention 7 days after practice whereas lactate correlated
with better retention 1 h as well as 24 h and 7 days after practice. Thus, improvements in motor skill
acquisition and retention induced by acute cardiovascular exercise are associated with increased concen-
trations of biomarkers involved in memory and learning processes. More mechanistic studies are
required to elucidate the specific role of each biomarker in the formation of motor memory.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Several studies have demonstrated that cardiovascular exercise
can improve certain aspects of cognition (for a review see Hillman,
Erickson, & Kramer, 2008). For example, although the effects vary
significantly depending on the type of exercise and memory stud-
ied (Roig & et al., 2013), there is evidence that the performance of
tasks requiring declarative memory can be enhanced by both acute
(Chang et al., 2012; Coles & Tomporowski, 2008; Winter et al.,
2007) and chronic cardiovascular exercise interventions
(Hassmen, Ceci, & Backman, 1992). Adding to this, we have
recently shown that an acute bout of cardiovascular exercise can
improve long-term retention of a novel motor skill (Roig & et al.,
2012), thereby extending the scope of acute exercise interventions
to include more implicit types of memory and learning such as
motor memory and skill learning. Compared to animal studies, lit-
tle is known about the mechanisms underlying the observed
behavioural benefits of exercise on memory in general and motor
memory in particular. This is because the techniques used to inves-
tigate those mechanisms would usually require invasive proce-
dures (e.g. brain biopsy), which cannot be easily implemented in
human studies. One strategy to circumvent this limitation is to
investigate exercise-related increases in peripheral biomarkers
and explore associations with memory formation and retention
(Winter & et al., 2007). Although increases in the concentration
of peripheral biomarkers do not prove a direct implication of these
compounds on the effects of exercise on memory, the increase of
each compound represents the activity of specific molecular
pathways potentially involved in the memory formation process
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(Lang & et al., 2007). The primary aim of the present study was
therefore to explore exercise-related changes in peripheral bio-
markers potentially involved in the effects of acute exercise on
motor memory and skill learning. Since the number of neurochem-
icals mediating the effects of cardiovascular exercise on motor
memory is extensive, we focused on a group of selected candidates
that have shown to play an important role in the effects of exercise
on cognition in general and different forms of declarative memory
in particular (Cotman, Berchtold, & Christie, 2007; Lista &
Sorrentino, 2010; Voss et al., 2013).

Arguably, one of the most rigorously investigated molecular
mediators in the complex relationship commonly established by
exercise and memory has been brain derived neurotrophic factor
(BDNF) (Cotman et al., 2007; Vivar, Potter, & van Praag, 2013). Ani-
mal studies have consistently shown that this neurotrophin and its
receptor, tyrosine kinase (TrkB), play a central role in many func-
tional and structural processes of neuroplasticity that support the
formation of long-term memory (Bekinschtein, Cammarota, &
Medina, 2013). For example, BDNF is essential for long-term poten-
tiation (LTP), which is thought to be one of the primary mecha-
nisms of synaptic plasticity subserving memory and learning
processes (Bekinschtein & et al., 2008). The relevance of BDNF in
mediating the effects of cardiovascular exercise on memory has
been confirmed in several animal experiments in which the phar-
macological blockade of BDNF expression has shown to produce
profound deficits in the ability to acquire and retain novel spatial
information in rats previously exposed to an exercise regime
(Gomez-Pinilla, Vaynman, & Ying, 2008). Most human studies have
confirmed that circulating levels of BDNF are transiently increased
with intense exercise (Knaepen & et al., 2010). However, although
resting BDNF serum levels are moderately associated with hippo-
campal volume and visual memory in elderly subjects (Erickson
& et al., 2010), a direct link between exercise-related elevations
in peripheral BDNF concentration and improvements in memory
performance in humans remains to be convincingly demonstrated
(Winter et al., 2007).

Two important growth factors that act synergistically with
BDNF in the modulation of the effects of exercise on neuroplastic-
ity are insulin-like growth factor 1 (IGF-1) and vascular endothelial
growth factor (VEGF). Circulating IGF-1 is thought to mediate exer-
cise-related BDNF mRNA expression in the brain (Carro & et al.,
2000) and, similarly to BDNF, to stimulate neurogenesis through
a complex signalling cascade that includes both calmodulin protein
kinase II (CAMK-II) and mitogen activated protein kinase (MAP-K)
(Lista & Sorrentino, 2010). Angiogenesis is increased by VEGF in a
complex process controlled, in part, by IGF-1, as well as other
energy-dependent processes regulated by the availability of cellu-
lar oxygen (Ladoux & Frelin, 1993) and glucose (Satake & et al.,
1998). Animal experiments have demonstrated that the presence
of VEGF and IGF-1 in the blood play a pivotal role in the structural
adaptations underlying memory formation processes such as angi-
ogenesis (Lopez-Lopez, LeRoith, & Torres-Aleman, 2004; Raab et al.,
2004) and neurogenesis (Fabel et al., 2003; Trejo, Llorens-Martin, &
Torres-Aleman, 2008). From a behavioural point of view, there is
evidence that blocking the function of these two growth factors
may impair learning and memory, at least in hippocampal-related
memory tasks performed by rodents (Cao et al., 2004; Ding et al.,
2006). Some human studies have found associations between
low levels of circulating IGF-1 and memory deficits in elderly sub-
jects (Aleman & Torres-Aleman, 2009). In contrast, there is no evi-
dence of an association between VEGF and memory performance in
humans and the question as to whether plasma levels of IGF-1 and
VEGF increase significantly with exercise, and the precise time-
course of the potential release of VEGF and IGF-1 following exer-
cise in humans, remains somewhat controversial (Griffin et al.,
2011; Schwartz et al., 1996). More importantly, whether
exercise-related increases in the expression of VEGF and IGF-1
have any significant effect on human memory is still to be eluci-
dated (Voss & et al., 2013).

Another group of molecules involved in the regulation of arou-
sal and emotional memory (McGaugh, 2006) are the catechola-
mines epinephrine, norepinephrine and dopamine. A series of
studies in rodents have demonstrated that epinephrine adminis-
tered immediately after training an avoidance task facilitates
long-term memory (see for example Gold & Van Buskirk, 1975).
Post-training central infusions of norepinephrine in the basolateral
amygdala can enhance consolidation of memory for contextual
fear conditioning (LaLumiere, Buen, & McGaugh, 2003) and avoid-
ance tasks (Liang, Juler, & McGaugh, 1986). The memory enhancing
effect of epinephrine-injections appears to follow a dose-depen-
dent inverted u-shape (Gold & Van Buskirk, 1975, 1978) and
decreases gradually with increasing time between learning and
injection (Gold & Van Buskirk, 1975; Gold, Van Buskirk, &
Haycock, 1977). The blockade of dopamine receptors (D1/D5) in
the rat hippocampus has also shown to impair long-term spatial
memory consolidation (O’Carroll et al., 2006). In humans, numer-
ous studies have confirmed the importance of catecholamines in
the modulation of memory. For example, Cahill (2003) showed that
the administration of epinephrine after viewing a set of 21 images
improved visual recall. Another human study demonstrated that
the activation and blockade of norepinephrine action had enhanc-
ing and detrimental effects, respectively, on visual memory
(O’Carroll et al., 1999). Furthermore, the administration of the
dopamine-precursor levodopa in elderly subjects has been shown
to enhance visual memory also following an inverted u-shape
(Chowdhury & et al., 2012). Since circulating levels of catechola-
mines increase with exercise (Winter et al., 2007) it would be
expected, based on the studies described above, that exercise-
related catecholamine release could also optimize memory pro-
cessing. Two previous studies investigating associations between
peripheral catecholamine concentration and memory in relation
to exercise in humans reported moderate and large correlations
in verbal (Winter et al., 2007) and visual memory (Segal, Cotman,
& Cahill, 2012), respectively.

Lactate is another metabolic compound that has recently been
identified as an important substrate for neuronal function
(Costalat et al., 2006; Wyss et al., 2011). In the brain, astrocytes
can supply the neurons with lactate released from astrocytic glyco-
genolysis. This central production and release of lactate appears to
be essential for the maintenance of LTP and thus the formation of
memory (Newman, Korol, & Gold, 2011), especially long-term
memory (Suzuki & et al., 2011). Another source of brain lactate
available during exercise originates peripherally as a by-product
of muscle glycolytic pathways. It is well established that arterial
lactate levels increase significantly with intense exercise
(Nielsen, 1999) and that, depending on different factors (e.g. mus-
cle fibre types involved, type of recovery, nutritional status)
(Stallknecht, Vissing, & Galbo, 1998), lactate concentration may
remain elevated for some time after exercise (van Hall, 2010).
Peripheral lactate can be shuttled across the blood brain barrier
using different monocarboxylase transporters (MCTs) (Bergersen,
2007) to be utilized by the brain as a primary energy source
(Quistorff, Secher, & van Lieshout, 2008), especially in situations
of increased energy demand such as for example during recovery
from strenuous physical exercise (Ide & et al., 2000). Increases in
peripheral blood lactate levels have recently been associated with
increases in circulating BDNF concentration as well as cortical
excitability both after lactate infusion (Coco et al., 2010; Schiffer
et al., 2011) and after an acute bout of exercise (Ferris, Williams,
& Shen, 2007). While these findings suggest that lactate may have
a potential role in mediating the effects of cardiovascular exercise
on cognitive processing in general, and memory in particular
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(Kalman & et al., 2005), associations between exercise-related
increases in blood lactate, BDNF and memory performance have
not yet been explicitly demonstrated (Ferris et al., 2007).

It is noteworthy that most human studies investigating the
effects of exercise on memory and their potential underlying
mechanisms have focused on cognitive tasks involving explicit
(i.e. declarative) forms of learning and memory such as vocabulary
learning (Winter et al., 2007) and visual memory (Hopkins & et al.,
2012) which depend on brain structures such as the temporal lobe
and midline diencephalon (Squire, 2004). In contrast, only a few
studies have investigated the effects of this intervention on more
implicit (i.e. non-declarative) types of memory and learning such
as motor memory (Roig et al., 2012) and skill learning (Bakken
et al., 2001; Quaney et al., 2009) which are thought to require
the active participation of other brain areas such as the basal gan-
glia, cerebellum and motor cortex (Doyon & et al., 2009). Further-
more, since none of those studies have explored potential
underlying mechanisms, it is currently unclear if the molecular
pathways triggered by exercise, which are thought to be responsi-
ble for improving explicit memory (Cotman & Berchtold, 2002), are
also underlying the potential effects of this intervention on motor
memory and skill learning. We have recently shown that 15 min of
intense exercise performed either before or after practicing a novel
motor task, enhanced motor skill learning through an optimization
of long-term motor memory (Roig et al., 2012). Here, we expand
this behavioural finding and, using a correlational approach, we
explore a selected group blood biomarkers potentially involved
in the effects of acute exercise on motor skill acquisition and reten-
tion. Biomarkers investigated included BDNF, IGF-1, VEGF, epi-
nephrine, norepinephrine, dopamine and lactate.
2. Material and methods

2.1. Subjects

Thirty-two right-handed healthy young male subjects were
recruited to participate in the study (Table 1). Subjects were naïve
to the visuomotor tracking task (MT) used to assess motor skill
learning and memory. Exclusion criteria for participation were:
age below 18 or above 35, body mass index (BMI) above 30, history
of neurological, psychiatric or medical diseases as well as current
intake of medications and/or recreational drugs affecting the cen-
tral nervous system (CNS) and/or the ability to learn. Recreational
use of tobacco and alcohol was not considered among the exclu-
sion criteria. Subjects were, however, asked about their drinking
habits in order to exclude potential heavy users. No subjects were
excluded on this account. Subjects were randomly assigned into
either the exercise (EXE) or control (CON) group, while ensuring
that the two groups were matched for age, BMI as well as fitness
level as measured by their peak oxygen consumption (VO2peak) in
a graded exercise protocol, since these two factors may modulate
the effects that acute exercise has on cognitive performance
(Kamijo et al., 2009; Stroth et al., 2009). The ethics committee for
the Greater Copenhagen area approved the study (protocol: H-2-
2011-032) and all subjects gave written informed consent prior
to participation. The study was performed in accordance with the
declaration of Helsinki II.
Table 1
Data on study participants (group mean ± SD) (BMI: body mass index).

Control group Exercise group

No. of subjects 16 16
Age (years) 23.93 ± 3.70 24.06 ± 3.36
BMI (kg/m2) 22.52 ± 1.98 22.61 ± 1.58
VO2peak (ml O2/min/kg) 52.76 ± 5.66 53.77 ± 6.11
2.2. Study design

For a schematic overview of the experimental procedure see
Fig. 1. Subjects reported to the laboratory on four different occa-
sions. At the first visit they performed an aerobic fitness test on
bicycle ergometer to measure their maximal oxygen uptake
(VO2peak) as a measure of individual aerobic fitness level. At least
48 h after the aerobic fitness test subjects reported to the labora-
tory to participate in the main experiment. Then, 1 and 7 days after
the main experiment they performed retention tests of the MT.

2.2.1. Aerobic fitness test
The aerobic fitness test was designed to assess the subjects’ aer-

obic fitness level (VO2peak) and, additionally, provide information
regarding the blood lactate concentration at various exercise inten-
sity levels. The graded exercise protocol was preceded by a 5 min
warm-up period in which the resistance of the bike ergometer
(Ergomedic 839 E, Monark, Sweden) was set at 75 W. Immediately
following the warm up, the resistance was increased to 100 W and
hereafter progressively increased 50 W every 3 min. Subjects were
instructed to maintain a constant pedaling rate above 70 rounds
per minute (rpm) and to bike to the point of exhaustion. Exhaus-
tion was defined as the point where they could no longer maintain
a pedaling cadence above 70 rpm for more than 5 s. During the
protocol pulmonary ventilation, oxygen consumption, heart rate,
exhalation of CO2 and respiratory exchange ratio were registered
continuously, and provided values every 15 s using an online gas
analyzing system (MasterScreen CPX�, Carefusion, Germany). To
ensure that subjects reached their VO2peak a number of criteria
had to be fulfilled: a levelling off in VO2 with increasing workload
and a respiratory exchange ratio above 1.14 (Seifert & et al., 2010).
Blood lactate concentration was assessed at baseline, at the end of
each 3 min block during the graded aerobic fitness test and 5 and
10 min after exhaustion using a hand-portable lactate analyzer
(Accutrend� Plus System, Roche Diagnostics, Switzerland), which
has shown good accuracy and reliability (Baldari & et al., 2009).
The blood samples, which were obtained during ergometer cycling,
and used for the lactate analysis, were taken from the fingertips of
the non-dominant hand.

2.2.2. Main experiment and retention tests
Subjects were instructed to report to the laboratory for the

main experiment in a fasting state. Upon arrival at 9 am they were
placed in a hospital bed and allowed to rest for 10 min. Subjects
were then required to fill out the Positive and Negative Affect Sche-
dule scale (PANAS) (Watson & Clark, 1988). The PANAS scale was
used to assess positive (PA) and negative (NA) affect at baseline
to determine if the affect status of the subjects could explain
abnormal levels of biomarkers (e.g. norepinephrine) which could
bias the analysis of the different compounds as well as influence
the subjects’ ability to obtain and retain new information
(Hopkins et al., 2012; Winter et al., 2007). Then, a 1.1 mm catheter
(Venflon™ Pro Safety, BD, Sweden) was inserted in the non-domi-
nant left brachial artery and a baseline blood sample of 12 ml was
withdrawn. Immediately after the first blood sample, a standard
breakfast consisting of fruit juice and 2 pieces of bread and/or pas-
try was provided.

After breakfast, subjects performed 10 trials of the MT, which
served as a measure of their baseline performance level. Following
the baseline MT subjects in CON rested in the hospital bed for
20 min. To avoid mental rehearsal of the MT during this period
subjects in CON were allowed to read magazines. Subjects that
were assigned to EXE were placed on a bike ergometer where they
performed 20 min of intense interval cycling (see a detailed
description of the exercise protocol below). Immediately after the
20 min of cycling (EXE) or bed rest (CON), a 12 ml blood sample



Fig. 1. Schematic overview of the experimental design (BS: blood sample; MT: motor task).
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was drawn, after which the subjects were asked to perform 3
blocks of 5 min of practice of the MT. Each block of practice was
interspersed by 1 min of rest during which 12 ml blood samples
were obtained. After the completion of the practice blocks, subjects
were placed in a hospital bed, and the catheter was removed. Par-
ticipants were then instructed to rest for 1 h in the bed. To avoid
any arousal (McGaugh, 2006) or interference (Robertson, 2012)
effects, that might affect the retention of the MT, they were
allowed to read, but they could not listen to music or sleep. Follow-
ing the 1 h rest subjects were asked to perform 1 block of 5 min of
MT, to evaluate their ability to recall the newly acquired skill. In
addition, to test long-term retention of the MT subjects were
required to report to the laboratory 1 and 7 days after the main
experiment to perform 1 block of 5 min of the MT on each
occasion.
2.2.2.1. Exercise protocol. The aim of the exercise protocol used in
the main experiment was to achieve a very high work intensity
and thereby making the subjects reach a high blood lactate concen-
tration (10 mmol/l or above) (Winter et al., 2007) while limiting
the total duration of the exercise to ensure low risk of sustained
fatigue and dehydration that could potentially impair memory pro-
cessing (Cian et al., 2000, 2001; Grego et al., 2005). The protocol
consisted of a short warm up period of 2 min of cycling at 75 W fol-
lowed 3 blocks of high intensity cycling, interspersed by 2 blocks of
low intensity cycling at 50 W. In the last 3 min of the exercise pro-
tocol subjects were allowed to rest before starting the practice of
the MT. The workload of the high intensity blocks was adjusted
to each subject, based on the maximum individual intensity
achieved in the graded exercise protocol. The workloads ranged
from 200 W to 315 W. An online measure of the subject’s heart
rate, obtained using telemetry (WearLink 31 transmitter, Polar
Electro, Kempele, Finland), was used to monitor that the workload
was adjusted to the subject’s relative intensity.
2.2.2.2. Visuomotor tracking task (MT). A detailed description of the
MT is provided elsewhere (Roig et al., 2012). Briefly, subjects were
seated on a 65 cm chair in front of a computer screen with the right
arm placed in an arm support. The forearm, strapped to the arm
support, was positioned in a neutral semi-prone position. At the
distal part of the arm support a handle with the rotational axis
located coaxially with the axis of rotation of the wrist was placed,
thereby allowing subjects to exert force to the handle. The handle
was equipped with a built-in potentiometer connected to a strain
gauge transducer, which provided information on the torque
applied to the handle when the subject applied force to the handle,
by performing isometric muscle contractions involving wrist
extensors or flexors. The torque signal during tracking was ampli-
fied using a 600 Hz carrier frequency amplifier for strain gauge
transducers (ME30, HBM, Germany), sampled at 100 Hz and then
stored on a computer via a data acquisition interface (Micro1401,
CED, UK) for off-line analysis.
A software application designed with Labview� (National
Instruments, USA) was created to run the MT. The interface dis-
played for the subjects consisted of two windows. One window
contained a double sine wave curve that the subject had to follow
as accurately as possible by exerting force to the handle, using
wrist flexion and extension. The torque of handle was represented
in the window with a cursor, which moved automatically from left
to right across the tracking window at a constant velocity. The
application of force to the handle would move the cursor in the
vertical plane (i.e. wrist flexion would move the cursor up and vice
versa). The goal for the subject was to match the sine curve as
accurately as possible moving the cursor up and down. The torque
required to reach either top or bottom of the sine curve constituted
less than 5% of the maximal voluntary contraction for both wrist
flexors and extensors, ensuring that the task was an accuracy task,
and, furthermore, that the subject could perform the task continu-
ously without developing significant fatigue.

The duration of each trial consisting of 1 double sine curve was
6 s with 1 s of pause interspersed between trials. The second win-
dow served as the feedback window, providing the subject with a
measure of the total error (distance) between the double sine curve
and the trace produced by the subject performing wrist flexion and
extension. For each trial a white dot on a black background was
displayed representing the error of that trial. Before performing
the MT it was ensured that the subjects understood the feedback,
the principle being that the lower the score the better perfor-
mance. The error was calculated as the average root mean square
(RMS) value of the error distance between the subject’s torque sig-
nal and the displayed double sine curve across all sampled data
points in each frame. As presented in Fig. 1, subjects performed
the MT on 7 occasions: a baseline test that consisted of 10 trials
and 6 blocks of 5 min of tracking (3 blocks of practice plus 3 reten-
tion tests), in which the subject performed 42 trials, leading to a
total number of 262 trials. Feedback was provided during all trials.

2.2.2.3. Blood analysis. To evaluate the effect of exercise on blood
concentration of BDNF, VEGF, IGF-1, epinephrine, norepinephrine,
dopamine and lactate, 12 ml blood samples were drawn when sub-
ject arrived at the laboratory, immediately after exercise (EXE) or
bed rest (CON) and 5, 10 and 15 min after exercise or rest
(Fig. 1). Two ml of each sample was taken aside for use in the anal-
ysis of lactate concentration in the blood, assessed using a blood
gas analyzer (ABL800 Flex Analyzer, Hvidovre, Radiometer Medical
ApS, Denmark). The remaining plasma was stored at �80 �C until
analysis. The plasma concentrations of BDNF (this kit is sensitive
to both mature and pro-BDNF) (Millipore, Billerica, MA, USA), VEGF
(RayBio, Norcross, GA, USA), IGF-1 (IDS immunodiagnostic sys-
tems, Boldon, UK), epinephrine (IBL international GmbH, Hamburg,
Germany), norepinephrine (IBL international GmbH, Hamburg,
Germany) and dopamine (DRG Instruments GmbH, Marburg, Ger-
many) were analyzed using enzyme-linked immunosorbent assays
(ELISA) kits following the instructions provided by the manufactur-
ers. Samples displaying clear signs of hemolysis, thus making them
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unsuitable for blood analysis (Heyer & et al., 2012), were discarded
from further analysis.

2.3. Data analysis

Assumptions of normality of the distribution for all variables
were explored through histograms and normality plots and con-
firmed with the Shapiro–Wilk’s normality test. Differences
between groups in psychophysiological variables, including affect
(PANAS) as well as performance in the MT at baseline were
assessed with the student’s t test. To minimize the effect of differ-
ent skill levels between groups at baseline, motor performance in
all blocks of practice and retention were normalized to individual
mean motor performance in the 10 trials of MT performed prior
to the beginning of motor practice. To test differences between
groups in the acquisition (blocks 1–3) and retention (blocks 4–6)
of the MT two separate two-way (block � group) repeated-mea-
sures analysis of variance (ANOVA) were employed. Furthermore,
differences between groups in the concentration of BDNF, VEGF,
IGF-1 catecholamines (epinephrine, norepinephrine, dopamine),
and lactate were assessed with two-way (time � group)
repeated-measures ANOVA. To minimize inter-subject variability,
changes in blood compounds were normalized to concentration
levels at baseline. All data points from the blood analysis were
examined, and data points that deviated more than three standard
deviations (SDs) from population mean, were considered outliers
and consequently disregarded in subsequent data analysis. To
determine the immediate effects of exercise on each biomarker,
Cohen’s (d) effect sizes for each blood compound were calculated
by dividing the difference between mean change score in concen-
tration from baseline to immediately after exercise of CON and EXE
divided by the pooled SD.

When either ANOVA violated the assumption of equal spheric-
ity, the Greenhouse–Geisser rectification method was applied.
When differences in either ANOVA were found significant
(p < 0.05), post hoc pairwise comparisons for each block were per-
formed with the student’s t test. The level of statistical significance
(p) in the post hoc comparisons of the ANOVA assessing differences
in acquisition and retention was adjusted at a p 6 0.017 as a result
of dividing the alpha level by the number of testing blocks (0.05/3)
(Roig et al., 2012). Similarly, the significance level of the post hoc
analyses assessing differences between groups in the concentra-
tion of plasma compounds at each time point was adjusted to a
p 6 0.0125 by dividing the alpha level by the number of time
points (0.05/4).

Pearson’s bivariate correlations were used to explore associa-
tions between peripheral levels of BDNF, VEGF, IGF-1, catechola-
mines (epinephrine, norepinephrine, dopamine), and lactate
immediately after exercise and the rate of motor skill acquisition
and retention. This time point was selected because all blood com-
pounds reached maximal concentrations immediately after exer-
cise and then declined progressively. Note that in reporting data
lower scores in the MT represented lower error distance and thus
better performance at retention. In contrast, since the rate of acqui-
sition was calculated as the reduction in error distance between
block 1 and 3, a larger score in the rate of acquisition represented
better performance. Hence, positive correlations between the con-
centration of blood compounds and the rate of acquisition are
regarded as positive (i.e. greater concentration results in faster
acquisition) while negative correlations with retention are
regarded as a positive association (i.e. greater concentration is
associated with better performance at retention). Due to the
exploratory nature of the correlational analysis, corrections to min-
imize potential type I errors were not applied. All analyses were
performed with IBM SPSS Statistics 20 for Macintosh using two-
tailed probability tests.
3. Results

3.1. Psychophysiological data

There were no significant individual alterations within each
group nor differences between groups in baseline affect as assessed
with the PANAS PA (t = �0.06; p = 0.95) and PANAS NA (t = 0.74;
p = 0.46). The mean (SD) in the PANAS PA and NA for EXE was
2.66 (0.47) and 1.37 (0.34), respectively. In CON, the mean (SD)
group in the PANAS PA and NA was 2.82 (0.73) and 1.37 (0.25),
respectively.
3.2. Acquisition and retention of the motor skill (MT)

There was a tendency towards significant differences in the per-
formance of the MT between groups at baseline (t = �2.06;
p = 0.054). Conversely, no significant differences between groups
were observed in the rate of acquisition during blocks 1 and 3 of
practice [F(1.5,121.5) = 0.08; p = 0.86]. Overall, EXE showed better
performance than CON at retention [F(2,162) = 3.58; p = 0.03].
However, post hoc analyses revealed that differences in retention
were only significant in the tests performed 24 h (t = 4.26;
p < 0.001) and 7 (t = 3.13; p = 0.002) days after practice. In contrast,
differences between groups in the test performed 1 h after practice
did not reach statistical significance (t = 0.65; p = 0.52). The perfor-
mance of the MT acquisition blocks and retention tests for both
CON and EXE are presented in Fig. 2a and b, respectively.
3.3. Analysis of blood compounds

Fig. 3 shows the concentration of all blood compounds, normal-
ized to baseline concentration, at each time point. The outliers
removed from the analysis included data points from the datasets
of lactate (1 removed from EXE), BDNF (3 removed from EXE, 1
removed from CON), norepinephrine (2 removed from EXE), VEGF
(2 removed from EXE, 1 from CON) and IGF-1 (1 removed from
CON). The concentration of all compounds increased immediately
after exercise and then showed a progressive decline. The
repeated-measures ANOVA revealed that compared to CON, the
exercise group (EXE) tended towards reaching greater overall con-
centrations of BDNF [F(3.16,82.09) = 2.24; p = 0.087] although, due
to the high inter-subject variability in the BDNF response to exer-
cise, interactions did not reach statistical significance. Similarly,
the bout of exercise also increased the peripheral concentration
of VEGF in spite that differences between groups were not statisti-
cally significant [F(1.63,40.87) = 1.52; p = 0.23]. In contrast, EXE
showed significantly larger total concentrations of IGF-1 [F(2.4
1,69.97) = 3.29; p = 0.034], epinephrine [F(2.3 6,70.69) = 5.23;
p = 0.005], norepinephrine [F(2.0 4,57.28) = 4.82; p = 0.011] dopa-
mine [F(4,120) = 3.01; p = 0.021] and lactate [F(1.1
6,33.73) = 64.44; p < 0.001].

Post hoc analyses revealed that, compared to CON, the level of
BDNF in EXE was only significantly larger when measured immedi-
ately after exercise (t = �3.18; p = 0.01) whereas differences in the
concentration of VEGF between groups were not significant at any
time point, including immediately after exercise. Compared to
CON, the concentration of IGF-1 in EXE was significantly greater
only immediately (t = �3.81; p = 0.001) and 10 min (t = �2.83;
p = 0.008) after the termination of exercise. Furthermore, differ-
ences in epinephrine became significant only immediately
(t = �3.10; p = 0.007) and at 5 min (t = �3.30; p = 0.002) after exer-
cise. Similarly the concentration of norepinephrine was signifi-
cantly greater immediately (t = �3.09; p = 0.007) and 5 min
(t = �3.35; p = 0.002) after exercise. The exercise group (EXE)
showed a significantly larger concentration of dopamine only 5



Fig. 2. Group scores in MT for baseline and acquisition (a) and retention (b) (group
mean ± SEM). **p < 0.01. The displayed MT scores are raw data (RMS).
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(t = �3.11; p = 0.005) and 15 min (t = �2.80; p = 0.009) after the
bout of exercise. In contrast the peripheral concentration of lactate
in EXE remained significantly greater (p < 0.001) at all time points.
The results of the Cohen’s effect sizes (d) assessing changes in the
concentration of biomarkers from baseline to immediately after
exercise were as follows: BDNF (d = 1.03), IGF-1 (d = 0.32), VEGF
(d = 0.22), epinephrine (d = 0.96), norepinephrine (d = 0.91), dopa-
mine (d = 0.91) and lactate (d = 6.61).
3.4. Associations between blood compounds and measures of
acquisition and retention

See Table 2 for a detailed description of the results of the corre-
lation analysis for both EXE and CON, including correlation coeffi-
cients (r) and p-values. In EXE, higher concentration of
norepinephrine and lactate immediately after exercise was associ-
ated with better rate of acquisition of the MT. Higher concentra-
tions of BDNF immediately after exercise correlated with better
retention 1 h and 7 days after practice. Similarly, higher concentra-
tions of norepinephrine were associated with better retention
7 days after practice whereas lactate correlated with better reten-
tion 1 h, 24 h and 7 days after practice. Significant correlations
between the peripheral concentration of blood compounds and
measures of retention in EXE are shown in Fig. 4. In the non-exer-
cising group (CON) only the levels of norepinephrine were associ-
ated with measures of retention at 1 h, 24 h and 7 days after
practice. However, these correlations were positive, suggesting
that higher concentrations of this biomarker at rest were associ-
ated with poorer performance at retention.
4. Discussion

4.1. Main findings

The present study explored peripheral biomarkers potentially
mediating the beneficial effects of a single bout of exercise on
motor skill learning and memory. The exercise bout produced a
sustained and significant increase in peripheral plasma levels of
IGF-1, epinephrine, norepinephrine, dopamine and lactate. The
concentration of plasma BDNF and VEGF also showed a tendency
to increase immediately after exercise but differences in total con-
centration between groups did not reach statistical significance. In
EXE, correlations between the concentration of circulating bio-
markers immediately after exercise and retention of the MT at dif-
ferent time points were as follows: for BDNF, a significant
relationship existed at 1 h and 7 days, for norepinephrine only at
7 days and for lactate a significant relationship was observed at
1 h, 24 h, and 7 days retention. The lack of correlations in CON
could be caused, in part, by the low variability in the concentration
of blood compounds after rest. In any event, our results suggest
that improvements in motor skill acquisition and retention
induced by acute cardiovascular exercise, might be mediated by
specific molecular pathways triggered by exercise, which are
thought to be involved in neural processes underlying other types
of memory and learning.
4.2. Brain derived neurotrophic factor (BDNF)

Most previous studies have shown that the systemic concentra-
tion of BDNF tends to increase transiently after an intense bout of
cardiovascular exercise (Knaepen et al., 2010). We also found an
increase in total BDNF concentration after exercise, but differences
between CON and EXE were not significant. This finding could be
explained by the large inter-subject variability in the plasma BDNF
response to acute exercise and the fact that total concentration was
assessed across different time points after exercise. Since plasma
BDNF concentration returns quickly to baseline levels some min-
utes after exercise (Fig. 3), the analysis across different time points
possibly diluted differences between groups. The results of some
studies initially suggested that BDNF might cross the blood brain
barrier (Pan & et al., 1998) and that a large proportion (�75%) of
the peripheral BDNF released during exercise has its origin in the
brain (Rasmussen & et al., 2009). The latter is supported by evi-
dence that the concentration of cortical BDNF is well correlated
(r = 0.81; p = 0.01) with the serum concentration of this neurotro-
phin in rodents (Karege, Schwald, & Cisse, 2002). More recent stud-
ies, however, have challenged the view that BDNF crosses the
blood brain barrier, at least in large amounts (Di Lazzaro & et al.,
2007), and thus that blood samples drawn at a systemic level after
exercise may accurately reflect brain BDNF release. Even assuming
that a portion of the peripheral BDNF released during exercise orig-
inates from the brain (Rasmussen et al., 2009) it is still unclear
from which specific brain regions (Murer et al., 1999; Seifert
et al., 2010), and more importantly, if this BDNF is actively used
for optimizing learning and memory-dependent processes in
humans.

While the scientific community is still discussing the relation-
ship between human peripheral and brain BDNF in relation to cog-
nition, a few studies have investigated the relationship between
the exercise-induced increase in systemic BDNF and declarative
memory performance in humans (Erickson et al., 2011; Winter
et al., 2007). Winter et al. (2007) found that a more sustained level



Fig. 3. Concentration of the measured biomarkers at baseline and multiple time-points post-exercise/rest intervention (group mean ± SEM). Since all values are normalized to
baseline, the y-axis represents relative changes in concentration of each biomarker following rest (CON) or exercise (EXE). (LAC: Lactate (mmol l�1/mmol l�1); VEGF: vascular
endothelial growth factor (pg ml�1/pg ml�1); DOPA: dopamine (pg ml�1/pg ml�1); NORE: norepinephrine (nmol l�1/nmol l�1); EPI: epinephrine (nmol l�1/nmol l�1); BDNF:
brain-derived neurotrophic factor (pg ml�1/pg ml�1); IGF-1: Insulin-like growth factor 1 (ng ml�1/ng ml�1)) (*p < 0.05; **p < 0.001).
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of systemic BDNF after an acute bout of exercise was associated
with faster acquisition (i.e. accuracy) in a vocabulary associative
memory task. In our study, higher plasma BDNF levels were not
associated with better acquisition but with improved retention of
the motor skill 1 h and 7 days after practice. In that respect, our
results align well with animal studies showing that BDNF is
important in processes of synaptic plasticity such as LTP, involved
in motor skill learning and motor memory consolidation (Fritsch &
et al., 2010). The fact that retention 24 h after practice was not sig-
nificantly associated with BDNF levels could simply be due to ran-
dom fluctuation in significance. Another possibility, however,
could be that the putative effects of this neurotrophin on memory



Table 2
Correlations between the concentration of each biomarker and measures of motor
skill retention and acquisition.

Lactate

Exercise (n = 15) Control (n = 16)

Pearson corr. Significance Pearson corr. Significance

Acquisition 0.877 0.000** �0.117 0.665
Ret. 1 h �0.658 0.008** �0.044 0.871
Ret. 24 h �0.715 0.003** �0.109 0.689
Ret. 7 d �0.672 0.006** �0.146 0.589

BDNF

Exercise (n = 13) Control (n = 15)

Pearson corr. Significance Pearson corr. Significance

Acquisition 0.365 0.221 0.391 0.149
Ret. 1 h �0.672 0.012* �0.365 0.181
Ret. 24 h �0.293 0.331 �0.443 0.099
Ret. 7 d �0.608 0.027* �0.239 0.391

Epinenephrine

Exercise (n = 16) Control (n = 16)

Pearson corr. Significance Pearson corr. Significance

Acquisition 0.178 0.510 �0.166 0.540
Ret. 1 h 0.062 0.820 �0.136 0.617
Ret. 24 h 0.123 0.651 �0.242 0.367
Ret. 7 d �0.116 0.668 �0.009 0.973

Norepinenephrine

Exercise (n = 14) Control (n = 16)

Pearson corr. Significance Pearson corr. Significance

Acquisition 0.636 0.014* �0.405 0.120
Ret. 1 h �0.524 0.055 0.530 0.035*

Ret. 24 h �0.513 0.061 0.535 0.033*

Ret. 7 d �0.584 0.028* 0.529 0.035*

VEGF

Exercise (n = 14) Control (n = 15)

Pearson corr. Significance Pearson corr. Significance

Acquisition �0.095 0.746 �0.254 0.360
Ret. 1 h 0.331 0.247 0.255 0.358
Ret. 24 h 0.097 0.740 0.474 0.075
Ret. 7 d 0.051 0.863 0.362 0.185

Dopamine

Exercise (n = 16) Control (n = 16)

Pearson corr. Significance Pearson corr. Significance

Acquisition 0.037 0.891 �0.066 0.809
Ret. 1 h 0.064 0.814 0.221 0.412
Ret. 24 h �0.006 0.983 �0.013 0.961
Ret. 7 d �0.148 0.584 �0.260 0.331

IGF-1

Exercise (n = 16) Control (n = 15)

Pearson corr. Significance Pearson corr. Significance

Acquisition 0.235 0.381 0.401 0.139
Ret. 1 h �0.100 0.713 �0.197 0.481
Ret. 24 h �0.103 0.704 �0.054 0.850
Ret. 7 d �0.138 0.610 �0.141 0.617

* p < 0.05.
** p < 0.01.
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manifest in a complex time-dependent fashion. This hypothesis is
partly supported by animal studies showing differences in BDNF
gene expression after 3, 7 and 28 days of training (Molteni, Ying,
& Gómez-Pinilla, 2002) as well as evidence that the after-effects
of exercise on brain plasticity might have a differential impact on
memory encoding, consolidation and retrieval (Berchtold & et al.,
2005). Nevertheless, more studies are required to elucidate if there
exist specific time-dependent patterns underlying the effects of
exercise-dependent release of peripheral BDNF on different stages
of the memory formation process (Berchtold, Castello, & Cotman,
2010).

4.3. Vascular endothelial growth factor (VEGF) and insulin-like growth
factor 1 (IGF-1)

Our findings showed that an acute bout of intense exercise
leads to a transient yet significant increase in plasma concentra-
tions of IGF-1, whereas more variability will exist in the response
of VEGF to this type of exercise. Previous human studies investigat-
ing changes in peripheral plasma VEGF concentration after a single
bout of exercise, have yielded equivocal results, with some studies
showing no significant changes (Gavin & et al., 2004) and others
reporting only moderate increases (Kraus & et al., 2004). Similarly,
acute exercise has been shown to increase peripheral levels of
plasma IGF-1 concentration in some (Cappon et al., 1994;
Schwartz et al., 1996) but not all studies (Griffin & et al., 2011).
Conflicting results among studies in the response of these two
growth factors to acute exercise, most likely stem from differences
in the exercise protocols, variations in the time and methods of
blood sampling as well as a large inter-subject variability in the
time-course of VEGF and IGF-1 release to the bloodstream
(Griffin et al., 2011; Kraus et al., 2004). Hence, more longitudinal
studies with larger sample sizes, different exercise protocols as
well as longer follow-ups will be necessary to better characterize
changes in the concentration of VEGF and IGF-1 after a single bout
of cardiovascular exercise.

We did not find any correlation between exercise-related
changes in VEGF and/or IGF-1 and motor skill acquisition and
retention. This finding conflicts with the results of animal experi-
ments, which have shown that VEGF and/or IGF-1 have an impor-
tant role in hippocampal-related memory tasks in rodents (Cao
et al., 2004; Ding et al., 2006). In contrast, the finding aligns well
with the equivocal results of observational studies analyzing
potential associations between these two biomarkers and cogni-
tive function in humans (Aleman & Torres-Aleman, 2009; Kim &
Kim do, 2012; Mateo et al., 2007). Conflicting results may be
explained by the fact that, in humans, rather than having a direct
effect on synaptic processes underlying memory (e.g. LTP), the
release of VEGF and IGF-1 into circulation during exercise has a
pleiotropic effect that, via endocrine pathways, may trigger long-
term adaptations that support learning and memory processes
such as for example angiogenesis or neurogenesis (Lista &
Sorrentino, 2010). This would explain why, in contrast to the cor-
relations with BDNF, we did not find any significant association
between circulating levels of plasma VEGF or/and IGF-1 and mea-
sures of motor skill retention after a single bout of exercise. Longi-
tudinal studies with long-term interventions involving several
bouts of exercise are probably more appropriate to determine the
role of VEGF and IGF-1 in mediating the effects of exercise on cog-
nition (Voss et al., 2013).

4.4. Catecholamines (epinephrine, norepinephrine, dopamine)

The increase in plasma catecholamines concentration that we
found after exercise is consistent with previous reports (Nilsson,
Heding, & Hokfelt, 1975). The possibility that acute exercise could
be used to enhance memory via exogenous catecholamine stimula-
tion is limited by the fact that epinephrine and norepinephrine
cannot cross the blood brain barrier (Bradbury, 1993). However,
the peripheral release of epinephrine and norepinephrine can acti-
vate peripheral b-adrenergic receptors located in afferent vagal
nerve fibres (Introini-Collison & et al., 1992) that project to higher
areas of the CNS involved in the regulation of emotional memory
(Cahill & McGaugh, 1998) such as the amygdala (Clayton &



Fig. 4. Correlations between the concentration of the specific compounds immediately after exercise (‘0) and MT retention 1 h (1 h), 24 h (24 h) and 7 days (7 d) after initial
acquisition for EXE group. Correlation value (r) and significance (p) values are shown in Table 2. The MT scores displayed are normalized to baseline performance. (LAC:
lactate (mmol l�1/mmol l�1); BDNF: brain-derived neurotrophic factor (pg ml�1/pg ml�1); NORE: norepinephrine (nmol l�1/nmol l�1)).
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Williams, 2000) and hippocampus (Miyashita & Williams, 2004). In
addition, it has been suggested that catecholamines such as epi-
nephrine may improve memory through an increase of blood glu-
cose (Gold, 2014), a well-established memory enhancer (Gold,
1986). Two recent studies have explored the potential role of exer-
cise-induced catecholamine activation to enhance declarative
memory. Winter et al. (2007) found a significant association
(r = 0.41; p < 0.05) between the absolute level of plasma epineph-
rine concentration after acute exercise and long-term retention
(>8 months) of a vocabulary task. However, associations between
exercise-induced increases in plasma epinephrine and norepineph-
rine concentrations and retention were not significant. In contrast,
Segal and colleagues showed that improvements in image recall in
elderly subjects with (r = 0.72; p < 0.001) and without (r = 0.43;
p < 0.05) amnestic mild cognitive impairment were associated to
the post-exercise concentration of norepinephrine (analyzed via
salivary alpha-amylase) after a single bout of cardiovascular exer-
cise (Segal et al., 2012).

We did not find significant associations between changes in epi-
nephrine after exercise and motor skill acquisition or retention.
This result was surprising, given the well-established effects of this
catecholamine on memory processing. One explanation could be
that the low emotional content of the memory task might have
hindered any potential association of this catecholamine with
retention. This will be consistent with studies showing that the
effects of exogenous epinephrine on memory are maximized when
the material to be remembered is emotionally arousing (Cahill &
Alkire, 2003). In EXE, norepinephrine was significantly correlated
with acquisition and retention of the motor skill assessed 7 days
after practice. The analysis also revealed trends for significance in
the associations of norepinephrine with retention at 1 and 24 h
after practice (Table 2). Discrepancies with the study by Winter
et al. (2007) in regards to the lack of association between memory
and norepinephrine may be explained by the fact that they used
absolute instead of normalized blood concentrations. Taken
together, our data suggest that exercise-induced noradrenergic
activation is a potential mechanism underlying the effects of acute
exercise on motor skill learning and memory (Roig et al., 2012).
Interestingly, CON showed a positive correlation between the con-
centration of norepinephrine immediately after rest and retention
assessed 1 and 24 h as well as 7 days after exercise, which suggests
that, in resting conditions, increased norepinephrine concentration
has negative effects on motor memory. This finding might be due
to the well-established deleterious effects that high arousal at
encoding has on memory (Park, 2005). Another possibility might
be that the since the effects of norepinephrine on memory follow
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an inverted-u-shape, the concentration of norepinephrine in CON
in comparison to EXE were not sufficient to improve motor mem-
ory in the non-exercise group (Gold, 2014).

Increases in circulating dopamine levels after a single bout of
exercise have been reported previously in some (Winter et al.,
2007), but not all studies (Bracken, Linnane, & Brooks, 2005). Dopa-
mine is a potent neurotransmitter and mediator of reward of the
nervous system, which has been shown to be involved in motor
skill learning through dopaminergic projections from midbrain to
the primary motor cortex in rodents, implying an important role
in motor skill acquisition and retention (Hosp et al., 2011; Luft &
Schwarz, 2009; Wächter et al., 2009). However, whether exer-
cise-induced increases in systemic dopamine concentrations have
any effect on memory processing is unclear. Winter et al. (2007)
reported associations between absolute plasma dopamine levels
after an acute bout of exercise and both immediate and long-term
(1 week) retention in a vocabulary task. However, when exercise-
related increases in concentration were used, they failed to see
any significant association. Similarly, we did not find significant
correlations between increases in dopamine levels after exercise
and motor memory and skill learning. Correlating systemic con-
centrations of plasma dopamine with improvements in learning
and memory that require changes in the brain has the inherent
problem that dopamine does not cross the blood–brain barrier.
Moreover, a single bout of intense exercise does not increase dopa-
mine availability in the brain (Wang & et al., 2000) and the poten-
tial dopaminergic effects of exercise on neuroplasticity appear to
be mediated by an increase in the number and activity of dopa-
mine brain receptors (e.g. D2) (Petzinger & et al., 2010), rather than
by an increased availability of dopamine. Thus, inferences from
changes in the systemic concentration of dopamine to changes in
behaviour involving the central nervous system are very limited.

4.5. Lactate

Arguably, the most striking finding of this study was the consis-
tent correlation between the peripheral concentration of lactate
and the acquisition and retention of the motor skill. A causal asso-
ciation between plasma lactate concentrations and improved
motor skill acquisition is difficult to explain from a biological per-
spective. Since plasma lactate concentrations are increased with
increasing exercise intensities, it is possible that high plasma lac-
tate levels simply reflect higher levels of exercise-induced arousal,
and this, rather than lactate per se, could have facilitated cognitive
processing (e.g. accuracy) during motor skill acquisition
(Lambourne & Tomporowski, 2010). This hypothesis is consistent
with the correlation found between motor skill acquisition and
plasma norepinephrine concentration, a neurotransmitter with
well-established effects on arousal modulation. Another plausible
explanation could be that the brain used lactate as a source of
energy immediately after exercise thus enhancing cognitive pro-
cessing during motor skill acquisition (Rasmussen, Wyss, &
Lundby, 2011). Certainly, recent studies have revealed that lactate
is a primary source of energy for brain neurons (Smith & et al.,
2003), especially in situations of increased energy demand such
as during (Quistorff et al., 2008) or immediately after (Ide et al.,
2000) a maximal exercise bout as well as during intense cognitive
processing (Mintun & et al., 2004). Since neurons are unable to
store glycogen (Brown, Baltan Tekkok, & Ransom, 2004), during
prolonged neuronal activation they need to rely partly on the sup-
ply of energy from astrocytes in the form of lactate (Barros, 2013).
However, if the uptake of lactate by the brain facilitated the acqui-
sition of the motor skill, why did we not observe an improved
acquisition by the exercise group? We can only speculate, but if
lactate may have enhanced motor skill acquisition, post-exercise
fatigue or lack of attention in EXE may have attenuated its effects,
thus diluting potential differences between groups in the early
post-exercise phase (Coco & et al., 2009).

The solid correlations found between lactate concentration and
motor skill retention reported in this study provide novel and
interesting information regarding the potential role of lactate in
memory formation processes (Newington, Harris, & Cumming,
2013). Recent animal studies have shown that the inhibition of gly-
cogenolysis in astrocytes and the subsequent attenuation of lactate
release in the extracellular space impairs memory consolidation in
young chickens (Gibbs, Anderson, & Hertz, 2006). Similarly, the
blockade of MCTs expression reduces the shuttle of lactate to
astrocytes (MCT1, MCT4) and neurons (MCT2) in the brain and
impair long-term memory in rats (Suzuki et al., 2011). However,
only one study has investigated the effects of sodium lactate infu-
sion to improve memory in humans and showed only small effects
on semantic memory in Alzheimer’s disease patients (Kalman
et al., 2005). In any event, infusion of lactate in healthy subjects
has shown to elicit increases in the excitability of the primary
motor cortex (Coco & et al., 2010) and increases in systemic blood
concentrations of BDNF (Schiffer & et al., 2011). Since both of these
synergistic mechanisms have been associated with neuroplastic
processes involved in motor skill learning (Kleim et al., 2006;
McHughen et al., 2010), the hypothesis that lactate may have a
mediating role in the effects of exercise on motor memory forma-
tion is not unrealistic. Although we did not observe any significant
correlation between exercise-induced increases in lactate and
BDNF, our findings lend support to this possibility, and underline
the need to explore the neuromodulatory effects of circulating lac-
tate in the potential memory-enhancing effect of exercise
(Newman et al., 2011).
5. Conclusion

Most human studies investigating the effects of exercise on
memory and their potential underlying mechanisms have focused
on cognitive tasks involving explicit (i.e. declarative) forms of
learning and memory (Roig et al., 2013). Here, we show that the
concentration of a selected group of biomarkers which represent
the activity of molecular pathways commonly underlying the
effects of this type of exercise on explicit forms of learning and
memory also appear to underlie the effects of acute exercise on
motor skill acquisition and retention. It should be noted that we
focused only on a few potential candidates mediating the effects
of this intervention on motor skill acquisition and retention, but
the number of molecules modulating the effects of peripheral mus-
cle activity on brain function is large (Cotman & Berchtold, 2002).
The beneficial effects of exercise on memory in general, and motor
memory in particular, most likely stem from a cascade of mecha-
nisms involving interactions among a multitude of neurobiological
agents (Cotman et al., 2007; Lista & Sorrentino, 2010). Neverthe-
less, the potential role of lactate as a potential mediator of the
effects of exercise on memory in humans warrants further studies
(Gold, 2014).
6. Limitations

It would be tempting to overemphasize the importance of the
correlations found between the concentration of biomarkers and
motor skill acquisition and retention. However, this is a correla-
tional study and, as such, it is important to reiterate that our
results do not infer direct causality. Although several studies have
confirmed the importance of some of these neurochemicals in
modulating processes of learning and memory both in humans
(Cahill & Alkire, 2003) and animals (Chowdhury et al., 2012;
Costa-Miserachs et al., 1994; Gold & Van Buskirk, 1975; Suzuki
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et al., 2011; Vaynman, Ying, & Gomez-Pinilla, 2004) most of these
biomarkers have shown to have an u-inverted dose effect, with
large concentrations even having detrimental effects on memory
(McGaugh, 1989). Furthermore, it is unclear if the systemic levels
of some of these neurochemicals are indicative of concentrations
in the brain since some of these substances (i.e. catecholamines)
do not cross the blood brain barrier (Bradbury, 1993). Even in the
event that the availability of these substances in the brain is
increased with exercise, this does not imply that they are being
actively used to optimize memory processes. Perhaps more impor-
tant is the fact that we still know little about the specific time-
course of the molecular pathways modulating the effects that
these neurochemicals have on different stages of memory forma-
tion (Bekinschtein et al., 2013; Molteni et al., 2002) and how our
genotypic profile may influence the action of these neurochemicals
during processes of memory formation (Hopkins et al., 2012;
Stroth et al., 2010). Thus, while useful for generating new working
hypotheses and narrow down the number of potential candidates
mediating the effects of acute cardiovascular and memory, the cor-
relations found in this study should be interpreted with caution.
More mechanistic experiments will be necessary to unravel the
specific role of these biomarkers in mediating the effects of exer-
cise at each stage the motor memory formation process.
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