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Abstract: Early research into the effects of acute exercise on cognition were atheoretical and of poor design. In the
1990s and 2000s, cognitive-energetical theories and the catecholamines hypothesis have been developed as
rationales for effects of acute exercise on cognition. It was claimed that acute exercise was a stressor and as such
would affect cognition in an inverted-U manner, the same as other stressors. However, the inverted-U effect was
rarely supported. Later research has somewhat consistently shown that moderate intensity, short to moderate
duration exercise induces improved cognitive performance. However, the effects of heavy exercise and long-duration,
moderate intensity exercise treatments remain somewhat equivocal, except for autonomous tasks which are
facilitated. Recent research suggests that undertaking exercise, while simultaneously carrying out a motor task, is
more beneficial than simply exercising before undertaking the cognitive tasks. Research examining the effect of
chronic exercise on cognition was also originally atheoretical and poorly designed. Improved research designs have led
to some consistency in findings and the evidence for chronic exercise having a facilitative effect on cognition is fairly
consistent but only a small to moderate improvement has been demonstrated. Human studies provide a prima facie
case for brain derived neurotrophic factor being a mediator in the chronic exercise-cognition interaction and evidence
from animal studies strongly supports this. Recent work provides support for claims that exercise, while
simultaneously undertaking a motor task, is more beneficial than simply exercising.
Key words: Exercise; cognition; arousal; catecholamines; central executive; BDNF; age.
1. Introduction
In this short review, I will attempt to present an outline
of past, present and future research into the effect of
exercise, both acute and chronic, on cognition. The
review includes comment on underlying theories and
mechanisms, as well as empirical studies. Moreover, it
includes studies from a cognitive psychology perspective
as well as those that are neuroscientifically-based.
2. Acute exercise
Early research into the effect of acute exercise on
cognition was atheoretical and the nature of the exercise
protocols left much to be desired. For example, Gutin

and DiGennaro [1] had participants undertake 1 min of
step-ups, using the Harvard Step Test protocol. Meyers
et al. [2] used a similar step-up protocol but had
participants work for 5 min, while McAdam and Wang’s
[3] participants carried out a run-jog-walk protocol for 10
min. According to the authors, this was ‘designed to work
up a mild sweat, but not to fatigue’ (p. 209). It is easy to
criticize such protocols but we should remember that
sports science, as we know it today, was only in its
infancy. In fact, in most countries it was non-existent.
The first to provide a theoretical underpinning for
hypothesizing that acute exercise would have an effect
on cognition, was Davey [4]. He saw exercise as being a
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stressor, which would affect arousal in the same way as
other stressors. Davey [4], therefore, turned to Yerkes
and Dodson’s [5] arousal-performance theory to develop
his hypotheses. Yerkes and Dodson [5] claimed that
when arousal is low, performance will be poor but, as
arousal rises to a moderate level, performance will
become optimal. However, if arousal continues to rise,
performance will return to a level equal to that shown
during low levels of arousal. When plotted graphically,
performance demonstrates an inverted-U curve. Based
on this, Davey [4] claimed that at rest and during low
intensity exercise, cognitive performance would be poor.
When exercise intensity rose to a moderate level,
performance would be optimal but continuing to
increase the intensity would lead to a return to poor
performance.
Davey’s [4] research report was accompanied by a
theoretical paper by Cooper [6], a neuropsychologist. In
this paper, Cooper [6] proposed what my colleagues and
I have called the ‘catecholamines hypothesis’ [7], in
which he argued that exercise-induced circulating
peripheral plasma catecholamines resulted in increases
in concentrations of the neurotransmitters dopamine
and noradrenaline in the brain. In turn, the brain
catecholamines were responsible for increases in arousal
by activating the reticular formation in the brainstem.
However, behavioral neurochemistry was in its infancy
and apart from one paper [8], it was not until 1994 that
any development would be seen in neurochemical
approaches. Instead, there was a slow move towards
theoretical rationales becoming based in cognitive
psychology.
2.1. Cognitive psychology rationales
Following Davey’s [4] example, some researchers (e. g.
[9-11]) examined the hypothesis that acute exercise
would affect cognition in an inverted-U fashion.
However, it was not until the publication of a seminal
paper by Tomporowski and Ellis [12] that research
generally became theoretically based. Moreover,
Tomporowski and Ellis’ [12] critique led to a tightening of
research designs. While some researchers stuck with
Yerkes and Dodson’s [5] unidimensional theory, others
favored more multidimensional theories. It is not the
purpose of this review to delve deeply into the particular
arousal-performance interaction theories used as
rationales for an acute exercise-cognition interaction
effect, rather I will briefly outline the most commonly
used of the theories (for more detailed reviews see
[13,14]). The allocation of resources or cognitive-

energetic theories that were and, indeed, still are the
most popular, were developed from Kahneman’s [15]
theory.
Kahneman [15] believed that individuals have a
limited amount of resources. The amount is not fixed but
flexible. He claimed that as arousal rises, the number of
resources available within the brain increases. Like
Yerkes and Dodson [5], he argued that this increase is
beneficial for performance up to a certain point, after
which there will be a return to baseline levels. It is here
that Kahneman disagrees with Yerkes and Dodson [5]. To
Kahneman increases in arousal are not the only factor
affecting performance. The increase in the number of
resources, as arousal rises to a moderate level, will only
result in improvements in performance if the person
allocates the resources to the task in hand. The allocation
of resources to task relevant information is said to be
undertaken by cognitive effort (more often just referred
to as effort). Kahneman [15] believed that during
moderate levels of arousal, effort can easily allocate
resources to the task. This does not differ from Yerkes
and Dodson [5]. However, Kahneman [15] claimed that
even at low levels of arousal, performance can be
optimal if cognitive effort allocates resources to task
relevant information and the task is not too demanding.
Demanding tasks would require an amount of resources
that are not available when arousal is low. However,
during high levels of arousal, Kahneman [15] believed
that the individual would not be able to allocate
resources to the task. In these circumstances, evaluation
of task demands will tend to lead to the perception that
the task cannot be successfully completed.
Sanders [16] took a similar approach to Kahneman
[15] but there were some differences. Sanders argued
that the different stages of cognitive processing needed
to be energized by different energetical mechanisms. He
termed these arousal, activation, the evaluation
mechanism and effort. Arousal is seen as a readiness to
process input, while activation is a motor readiness to
respond. The role of the evaluation mechanism is to
provide effort with information concerning performance
outcome and, perhaps more importantly, the
physiological states of the arousal and activation
mechanisms. This is vital because effort is responsible for
energizing response choice but also has the job of
controlling and coordinating arousal and activation.
2.2. Catecholamines hypothesis
As we saw above, Cooper [6] posited the hypothesis that
acute exercise-induced increases in circulating
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catecholamines result in improved cognitive functioning
during moderate intensity exercise but inhibit cognition
during heavy exercise. This he claimed was because
increases in brain catecholamines increase arousal by
activating the reticular system (see [17] for a detailed
account of Cooper’s [6] theory and its development).
Chmura et al. [18] and later my colleagues and I [7]
elaborated on Cooper’s [6] original work. We pointed out
that during exercise, animal studies have shown that
peripherally circulating adrenaline and noradrenaline
(NA) activate β-adrenoceptors on the afferent vagus
nerve, which runs from the abdomen through the chest,
neck and head, and terminates in the nucleus tractus
solitarii (NTS) within the blood-brain barrier. The
excitatory neurotransmitter glutamate mediates synaptic
communication between the vagal afferents and the
NTS, allowing noradrenergic cells in the NTS, which
project into the locus coeruleus (LC), to stimulate NA
synthesis and release to other parts of the brain [19].
Moreover, it has been shown that stimulation of α1adrenoceptors, by NA release from the LC, potentiates
the firing of dopamine neurons in the ventral tegmental
area, probably due to α1-adrenoceptor activation
inducing enhanced glutamate release, which affects the
excitability of dopamine neurons [20].
Animal studies provide support for acute exerciseinduced increases in NA and dopamine in the brain,
however results have been far from unequivocal. The
effect of acute exercise on whole brain concentrations of
NA in rodents has shown either a decrease in
concentrations or no significant effect. Research has
demonstrated increased dopamine concentrations
particularly in the brainstem and hypothalamus during
and immediately following acute exercise (see [21,22] for
reviews). Rodent studies have also shown increases in
brain concentrations of the NA metabolite 3-methoxy-4hydroxyphenylglycol (MHPG) and the dopamine
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
4-hydroxy-3-methoxyphenylacetic acid (homovanillic
acid, HVA), suggesting increased turnover of brain
dopamine and NA during exercise. Increased
concentrations of MHPG have been found in most brain
regions [21,22], while increased concentrations of
DOPAC and HVA have been shown, particularly in the
brainstem and hypothalamus [23,24].
Dopamine and NA work together to control cognition
but their efficiency is affected by stress levels, with
regard to this review that is exercise-induced stress
levels. When stress levels are low, performance is
comparatively poor because, as Cooper [6] pointed out,

at low levels of arousal the appropriate sequence of
neuronal activation cannot be obtained as neurons
cannot be stimulated to an adequate level of summation.
This would be the case when at rest and during low
intensity exercise (<40% volume of oxygen uptake,
VO2max). When exercise increases to a moderate level
(≥40% VO2max to 79% VO2max), brain catecholamines
concentrations rise and there is increased firing of the
high affinity α2A-adrenoceptors by NA [25], which
increases the strength of neural signaling in the preferred
direction by inhibiting cyclic adenosine monophosphate
(cAMP) activation [26]. Similarly, the high affinity D1receptors are activated by dopamine, which dampens
the ‘noise’ by inhibiting firing to non-preferred stimuli
[27]. Thus, dopamine and NA working together improve
the signal to ‘noise’ ratio. This is what we would expect
during moderate intensity exercise and should lead to
optimal performance. However, during heavy exercise
(>80% VO2max) or during long-duration (≥45 min),
moderate intensity exercise, NA and dopamine
concentrations become excessive. The excess NA
activates the lower affinity α1- and β-adrenoreceptors
[25]. Activation of α1-adrenoreceptors results in reduced
neuronal firing in the prefrontal cortex, while excessive
stimulation of D1-receptors and β-adrenoreceptors
induces excess activity of the secondary messenger
cAMP, which dampens all neuronal activity, thus
weakening the signal to ‘noise’ ratio [28]. Thus, working
memory tasks which depend on activation of the
prefrontal cortex are inhibited by heavy exercise and
long-duration, moderate intensity exercise. On the other
hand, tasks which activate the sensory cortices and their
association areas can benefit during heavy exercise.
Animal studies have shown that high concentrations of
NA activating α1- and β-adrenoceptors can positively
affect signal detection [29, 30]. Moreover, research has
also shown that the effect can be stimulated by exerciseinduced increases in brain corticotropin releasing factor
(CRF) acting on the LC-NA system. CRF causes tonic firing
of LC-NA neurons, which results in suppression of
somatosensory signal transmission within the
somatosensory thalamus and cortex [31]. This appears to
reduce detectability of low-intensity stimuli without
affecting high-intensity stimuli [32,33].
Learning and memory also benefit from heavy
exercise and long-duration, moderate intensity exercise.
Consolidation of declarative information appears to be
primarily undertaken by the hippocampus and requires
the process of long-term potentiation (LTP), i.e. the
strengthening of synaptic connections between neurons.
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High concentrations of NA in the hippocampus activate
β-adrenoceptors, which are guanosine triphosphatebinding proteins and stimulate cAMP activation. Acute
exercise also results in increases in serum or plasma
brain derived neurotrophic factor (BDNF) concentrations
in humans [34-36], while animal studies have
demonstrated strong evidence for acute exercise
inducing increased BDNF and/or BDNF messenger
ribonucleic acid (mRNA) expression in the brain, in
particular in the hippocampus [37-39]. It is the
interaction between BDNF and NA via cAMP activity that
is vital for LTP. The synaptic actions of BDNF are 'gated'
or regulated by cAMP, as it modulates the signaling and
trafficking of the BDNF receptor tropomyosin-related
kinase B (Trk B) [34,35]. The binding of BDNF to Trk B
initiates a number of intracellular signaling cascades,
including calcium/calmodulin kinase II and mitogenactivated protein kinase, resulting in the phosphorylation
of cAMP-response element binding protein (CREB) [40,
41]. The whole process modulates synaptic transmission
in a lasting manner by modifying synaptic protein
composition via local protein synthesis [41], thus
facilitating synaptic transmission.
2.2.1. Summary
The cognitive psychology theories and the
catecholamines hypothesis suggest a possible inverted-U
effect of acute exercise on cognition but one that might
be moderated by task type. Moderate intensity, short to
moderate duration exercise should have facilitating
effects on all types of task. However, heavy exercise and
long-duration, moderate intensity exercise may affect
differing task types differentially. Central executive tasks
would be expected to be inhibited by the effects of high
concentrations of brain catecholamines in the prefrontal
cortex during heavy exercise and long-duration,
moderate intensity exercise. However, perceptual and
attention tasks may benefit from dampening of neural
noise in the sensory cortices and their association areas.
The interaction between β-adrenoceptors, cAMP and
BDNF stimulates LTP in the hippocampus thus improving
long-term memory and learning. In the next sub-section,
we examine the empirical data to see if this is what really
happens.
2.3. Empirical research results
Based on the findings of three recent systematic reviews
combined [14,42,43], we find that during moderate
intensity exercise carried out for a short to moderate
duration, accuracy and speed results differ somewhat,

with speed showing greater effects than accuracy. We
believe that this is due to the nature of the tasks that are
most commonly used. The majority were designed to be
measured primarily by speed and, in fact, few errors ever
occur. However, there are tests which could be used in
which accuracy is targeted. More research using such
tasks is required (see [42] for more detail). Moreover,
there are still a quite substantial amount of studies in
which results are non-significant. However, in the two
meta-analyses [42,43], moderate to large mean effect
sizes were demonstrated. This supports the notion that
many of the non-significant results are due to small
sample sizes, which have a negative effect on the power
of the statistics. Despite this, we could say that for
moderate intensity, short to moderate duration exercise,
when speed is the dependent variable, results tend to
show support for a facilitative effect.
For heavy exercise and long-duration moderate
intensity exercise, the situation is far less clear. Results
demonstrate very mixed effects but this is not
unexpected given that we believe that task type will be a
moderating variable. We need, therefore, to examine
this factor. McMorris et al. [14] reported that for
autonomous tasks, none of the studies demonstrated
any significant effect of heavy exercise when accuracy
was the dependent variable. However, when speed was
the dependent variable, there was 100% facilitation. For
attention/perception tasks, with accuracy as the
dependent variable, 50% showed no significant effect,
33.3% demonstrated inhibition and 16.7% facilitation.
When speed was the dependent variable, inhibition was
shown by 47.1%, non-significance by 35.3% and
facilitation by 17.6%. The authors reported only two
studies examining accuracy of central executive tasks,
one demonstrated no significant effect but the other
showed a negative effect. The position was identical with
speed as the dependent variable, one task
demonstrating no significance and one inhibition. Only
one study examined long-term memory, and it showed a
facilitative effect. A more recent study [44] has also
demonstrated a beneficial effect of heavy exercise on
long-term memory.
2.4. Current trends
Several researchers are focusing on areas of research
which have tended to be neglected. The effect of heavy
exercise on long-term memory [44] is creating some
interest but we need more research on the effects of
heavy exercise on all types of task. Attempts to examine
possible underlying mechanisms are also being
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undertaken [45]. The use of studies in which the
participants undertake physical and/or mental tasks
while simultaneously exercising are also being examined,
with researchers looking at underlying mechanisms and
translational factors [46]. These are all areas that need
research and will help us better understand the acute
exercise-cognition interaction.
3. Chronic exercise
As most schoolchildren know, the ancient Greeks and
Romans saw a link between chronic exercise and
cognition. Despite this, there has been little research into
the topic until the beginning of the 21st century [47]. As
with acute exercise, early research was atheoretical. In
fact, one might argue that until very recently, attempts
to examine underlying mechanisms have been very
weak. Elsewhere [48], I have reported that Colcombe and
Kramer [49] listed the first theories as being the speed
hypothesis [50], the visuospatial hypothesis [51], the
controlled-processing hypothesis [52] and the central
executive hypothesis [53], all of which concern the effect
of chronic exercise on cognition in the elderly. These
hypotheses were based on the argument that tasks
requiring these processes are most likely to benefit from
chronic exercise. They are more descriptions of the types
of tasks rather than attempts to provide real theories or
describe mechanisms. In a similar vein, Etnier described
the cardiovascular fitness hypothesis [54,55], the
cognitive reserve hypothesis [56,57] and the frontal lobe
(or executive control) hypothesis [58]. The cardiovascular
fitness hypothesis, which proposes that the increases in
cardiovascular fitness that occur in response to physical
activity are responsible for the changes in cognitive
performance observed [47]. However, the mechanisms
by which this occurs are not described. Moreover, Etnier
et al. [59] used meta-regression techniques to specifically
test the cardiovascular fitness hypothesis. Results failed
to support the hypothesis. According to the cognitive
reserve hypothesis, individuals who have a greater
cognitive reserve are able to maintain their cognitive
abilities better with advancing age and have a lower risk
of dementia [56,57]. Again, no mechanisms are reported
and Etnier [47] pointed out that “because of the lack of
clarity in operationalizing cognitive reserves” (p. 34), no
empirical studies have been carried out which specifically
assess the role of cognitive reserve as a mediator of the
effects of chronic physical activity on cognitive
performance. The frontal lobe (or executive control)
hypothesis is like the theories outlined by Colcombe and

Kramer [49], merely stating the types of task that are
most beneficially affected by chronic exercise.
3.1. Brain derived neurotrophic factor hypothesis
The discovery by van Praag et al. [60] that in rodents,
chronic exercise results in the release of BDNF in the
brain, has proven to be very important to explaining the
mechanisms underlying the effect of chronic exercise on
cognition (see [48] for a fuller critique of the BDNF
hypothesis). BDNF is a protein and a member of the
neurotrophic family. It is widely distributed throughout
the brain but is particularly well represented in the
hippocampus, neocortex, cerebellum, striatum and
amygdala [40,61]. BDNF is initially encoded by the BDNF
gene to pro-BDNF which is either proteolytically cleaved
intracellularly by pro-convertases and secreted as mature
BDNF; or secreted as pro-BDNF and then cleaved by
extracellular proteases to mature BDNF [62]. BDNF plays
a major role in neurogenesis and synaptic transmission,
and hence learning and memory. Its activity is initiated
when it binds with one of its receptors, the high-affinity
Trk-B. Binding to Trk-B results in receptor dimerization
and trans-autophosphorylation of tyrosine residues in
the cytoplasmic domains of the receptor, which initiates
a number of intracellular signaling cascades, including
calcium/calmodulin kinase II and mitogen-activated
protein kinase, resulting in the phosphorylation of CREB
[40,63]. Activation of these signaling pathways is
essential for neurogenesis and neuroplasticity, and hence
learning and memory.
3.2. Empirical results
Etnier et al. [47], reviewing empirical, meta-analytical
and narrative reviews, concluded that studies with
random controlled trials (RCTs), supported small-tomoderate positive effects of chronic physical activity on
cognitive performance in the elderly. She also found
support for a positive relationship between regular
physical activity and cognitive performance in children.
However, the majority of this evidence came from crosssectional studies. With participants of diverging age,
Smith et al. [64] demonstrated only small mean effect
sizes (Hedges’ g < 0.20), although they were significant.
On the other hand, Pesce and Ben Soussan [65] reported
the findings of 11 studies, all of which demonstrated
some advantage of undertaking physical activity.
Moreover, studies examining the interaction between
physical activity, BDNF and cognition also show some
mixed results [48].
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Griffin et al. [36] demonstrated a significant
improvement in memory performance following 5 weeks
of training but not after 3 weeks. This improvement
coincided with post-exercise increases in serum BDNF
concentrations. There were no significant effects on the
Stroop color test. Erickson et al. [66] showed an increase
in hippocampal volume, which was related to serum
BDNF concentrations. There were improvements in
spatial memory, which were related to increased
hippocampal volume but not to Δ BDNF concentrations.
Whiteman et al. [67] showed that a BDNF x fitness
interaction was a strong predictor of long-term memory
performance. They found that for active participants,
serum BDNF concentrations and memory were positively
correlated but for sedentary individuals they were
negatively
correlated.
However,
BDNF
serum
concentrations were not correlated with fitness level
(see [48] for more detail). Weinstein et al. [68] showed
that fit individuals had greater gray matter volume in
several regions, including the dorsolateral prefrontal
cortex, which is particularly active during the
performance of several central executive tasks [69, 70],
while Chaddock and colleagues [71] have demonstrated
greater basal ganglia volumes in fit compared to unfit
children.
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3.3. Summary and current trends
To summarize, we could say that at the moment, there is
only support for a small to moderate effect of chronic
exercise on cognition but studies that have included long
periods of exercise, e.g. over one year [66], do suggest
that chronic exercise does have an effect. Moreover, the
studies measuring changes in BDNF and/or metamorphic
changes also lead one to think that we need to
undertake longer periods of exercise. A recent innovation
that is showing great promise is the use of physical
activity plus cognition or playing active games, which also
require the person to think while exercising. This may be
more beneficial than simply exercising (see [65]). In a
similar vein to this, activities such as dance [72],
resistance training [73] and yoga [74] are demonstrating
promising results.

13

14

15
16
17

18

Declaration of interests
The author declares no competing interests.

19

References

20

1

Gutin B, DiGennaro J. Effect of one-minute step-ups on
performance of simple addition. Res Q Exercise Sport 1968;
39: 81-85.

Meyers CR, Zimmerli W, Farr SD, Baschnagel NA. Effect of
strenuous physical activity upon reaction time. Res Q
Exercise Sport 1969; 40: 332-337.
McAdam RE, Wang YK. Performance of a simple mental task
following various treatments. Res Q Exercise Sport 1967;
38: 208-212.
Davey CP. Physical exertion and mental performance.
Ergonomics 1973; 16: 595-599.
Yerkes RM, Dodson JD. The relation of strength of stimulus
to the rapidity of habit formation. J Comp Neurol Psychol
1908; 18: 459-482.
Cooper CJ. Anatomical and physiological mechanisms of
arousal with specific reference to the effects of exercise.
Ergonomics 1973; 16: 601-609.
McMorris T. History of research into the acute exercisecognition interaction: a cognitive psychology approach. In:
McMorris T, ed. Exercise-cognition interaction:
neuroscience perspectives. New York: Elsevier Academic
Press, 2016: 1-28.
Peyrin L, Pequignot JM, Lacour JR, Fourcade J. Relationships
between catecholamine or 3-methoxy 4-hydroxy
phenylglycol changes and the mental performance under
submaximal exercise in man. Psychopharmacol 1987; 93:
188-192.
McGlynn GH, Laughlin NT, Bender VL. Effect of strenuous to
exhaustive exercise on a discrimination task. Percept Mot
Skills 1977; 44: 1139-1147.
McGlynn GH, Laughlin NT, Rowe V. The effects of increasing
levels of exercise on mental performance. Ergonomics
1979; 22: 407-414.
Sjöberg H. Physical fitness and mental performance during
and after work. Ergonomics 1980; 23: 977-985.
Tomporowski PD, Ellis NR. Effects of exercise on cognitive
processes: a review. Psychol Bull 1986; 99: 338–346.
Audiffren M. Acute exercise and psychological functions: a
cognitive-energetics approach. In: McMorris T,
Tomporowski PD, Audiffren M, eds. Exercise and cognitive
function. Chichester: Wiley-Blackwell, 2009: 3-39.
McMorris T, Turner A, Hale BJ, Sproule J. Beyond the
catecholamines hypothesis for an acute exercise-cognition
interaction: a neurochemical perspective. In: McMorris T,
ed. Exercise-cognition interaction: neuroscience
perspectives. New York: Elsevier Academic Press, 2016: 65104.
Kahneman D. Attention and effort. Englewood Cliffs, NJ:
Prentice Hall, 1973.
Sanders AF. Towards a model of stress and human
performance. Acta Psychol 1983; 53: 61-97.
McMorris T. Developing the catecholamines hypothesis for
the acute exercise-cognition interaction in humans: lessons
from animal studies. Physiol Behav 2016; 165: 291-299.
Chmura J, Nazar H, Kaciuba-Uścilko H. Choice reaction time
during graded exercise in relation to blood lactate and
plasma catecholamine thresholds. Int J Sports Med 1994;
15: 172-176.
Miyashita T, Williams CL. Epinephrine administration
increases neural impulses propagated along the vagus
nerve: role of peripheral beta-adrenergic receptors.
Neurobiol Learn Mem 2006; 85: 116-124.
Grenhoff J, Nisell M, Ferré S, Aston-Jones G, Svensson TH.
Noradrenergic modulation of dopamine cell firing elicited
by stimulation of the locus coeruleus in the rat. J Neural
Transm Gen Sect 1993; 93: 11-25.

Movement and Nutrition in Health and Disease 2017; 1: 3-10 | DOI: 10.5283/mnhd.3

McMorris. Past, present and future in exercise-cognition research | 9

21 Meeusen R, De Meirleir K. Exercise and brain
neurotransmission. Sports Med 1995; 20: 160-188.
22 Meeusen R, Piacentini MF, De Meirleir K. Brain
microdialysis in exercise research. Sports Med 2001; 31:
965-983.
23 Hasegawa H, Yazawa T, Yasumatsu M, Otokawa M, Aihara
Y. Alteration in dopamine metabolism in the
thermoregulatory center of exercising rats. Neurosci Lett
2000; 289: 161-164.
24 Meeusen R, Smolders J, Sarre S, De Meirleir K, Keizer H,
Serneels M, et al. Endurance training effects on
neurotransmitter release in rat striatum: an in vivo
microdialysis study. Acta Physiol Scand 1997; 159: 335-341.
25 Roth RH, Tam SY, Ida Y, Yang JX, Deutch AY. Stress and the
mesocorticolimbic dopamine systems. Ann N Y Acad Sci
1988; 537: 138–147.
26 Deutch AY, Roth RH. The determinants of stress-induced
activation of the prefrontal cortical dopamine system. Prog
Brain Res 1990; 85: 367-403.
27 Finlay JM, Zigmond MJ, Abercrombie ED. Increased
dopamine and norepinephrine release in medial prefrontal
cortex induced by acute and chronic stress: effects of
diazepam. Neurosci 1995; 64: 619–628.
28 Arnsten AF. Stress signalling pathways that impair
prefrontal cortex structure and function. Nat Rev Neurosci
2009; 10: 410–422.
29 Waterhouse BD, Moises HC, Woodward DJ. Noradrenergic
modulation of somatosensory cortical neuronal responses
to iontophoretically applied putative neurotransmitters.
Exp Neurol 1980; 69: 30-49.
30 Waterhouse BD, Moises HC, Woodward DJ. Alpha-receptormediated facilitation of somatosensory cortical neuronal
responses to excitatory synaptic inputs and
iontophoretically applied acetylcholine. Neuropharmacol
1981; 20: 907-920.
31 Devilbiss DM, Waterhouse BD, Berridge CW, Valentino R.
Corticotropin-releasing factor acting at the locus coeruleus
disrupts thalamic and cortical sensory-evoked responses.
Neuropsychopharmacol 2012; 37: 2020–2030.
32 Moore CI. Frequency-dependent processing in the vibrissa
sensory system J Neurophysiol 2004; 91: 2390–2399.
33 Devilbiss DM, Waterhouse BD. Determination and
quantification of pharmacological, physiological, or
behavioral manipulations on ensembles of simultaneously
recorded neurons in functionally related neural circuits. J
Neurosci Methods 2002; 121: 181–198.
34 Ferris LT, Williams JS, Shen CL. The effect of acute exercise
on serum brain-derived neurotrophic factor levels and
cognitive function. Med Sci Sports Exerc 2007; 39: 728-734.
35 Goekint M, Heyman E, Roelands B, Njemini R, Bautmans I,
Mets T, Meeusen R. No influence of noradrenaline
manipulation on acute exercise-induced increase of brain
derived neurotrophic factor. Med Sci Sports Exerc 2008; 40:
1990-1996.
36 Griffin ÉW, Mullally S, Foley C, Warmington SA, O’Mara SM,
Kelly ÁM. Aerobic exercise improves hippocampal function
and increases BDNF in the serum of young adult males.
Physiol Behav 2011; 104: 934-941.
37 Berchtold NC, Castello N, Cotman CW. Exercise and timedependent benefits to learning and memory. Neurosci
2010; 167: 588-597.

38 Cotman CW, Berchtold NC. Exercise: a behavioral
intervention to enhance brain health and plasticity. Trends
Neurosci 2002; 25: 295-301.
39 Gomez-Pinilla F, Vaynman S, Ying Z. Brain-derived
neurotrophic factor functions as a metabotrophin to
mediate the effects of exercise on cognition. Eur J Neurosci
2008; 28: 2278-2287.
40 Binder DK, Scharfman HE. Brain-derived neurotrophic
factor. Growth Factors 2004; 22: 123-131.
41 Waterhouse EG, Xu B. New insights into the role of brainderived neurotrophic factor in synaptic plasticity. Mol Cell
Neurosci 2009; 42: 81-89.
42 McMorris T, Hale BJ. Differential effects of differing
intensities of acute exercise on speed and accuracy of
cognition: a meta-analytical investigation. Brain Cogn 2012;
80: 338-351.
43 McMorris T, Hale BJ. Is there an acute exercise-induced
physiological/biochemical threshold which triggers
increased speed of cognitive functioning? A meta-analytic
investigation. J Sport Health Sci 2015; 4: 4-13.
44 Hötting K, Schickert N, Kaiser J, Röder B, Schmidt-Kassow
M. The effects of acute physical exercise on memory,
peripheral BDNF, and cortisol in young adults. Neural
Plasticity 2016; doi.org/10.1155/2016/6860573.
45 Laitman BM, John GR. Understanding how exercise
promotes cognitive integrity in the aging brain. PLoS Biol
2015; 13: e1002300 doi: 10.1371/journal.pbio.1002300.
46 Falbo S, Condello G, Capranica L, Forte R, Pesce C. Effects of
physical-cognitive dual task training on executive function
and gait performance in older adults: a randomized
controlled trial. Biomed Res Int 2016; 5812092. doi:
10.1155/2016/5812092.
47 Etnier JL, Shih C-H, Piepmeier AT. The history of research on
chronic physical activity and cognitive performance. In:
McMorris T, ed. Exercise-cognition interaction:
neuroscience perspectives. New York: Elsevier Academic
Press, 2016: 29-42.
48 McMorris, T. Chronic exercise and cognition in humans: a
review of the evidence for a neurochemical basis. In:
McMorris T, ed. Exercise-cognition interaction:
neuroscience perspectives. New York: Elsevier Academic
Press, 2016: 167-186.
49 Colcombe S, Kramer AF. Fitness effects on the cognitive
function of older adults: A meta-analytic study. Psychol Sci
2003; 14: 125-130.
50 Dustman RE, Ruhling RO, Russell EM, Shearer DE, Bonekat
HW, Shigeoka JW, et al. Aerobic exercise training and
improved neuropsychological function of older adults.
Neurobiol Aging 1984; 5: 35-42.
51 Stones MJ, Kozma A. Age, exercise, and coding
performance. Psychol Aging 1989; 4: 190-194.
52 Chodzko-Zajko WJ. Physical fitness, cognitive performance,
and aging. Med Sci Sport Exerc 1991; 23: 868-872.
53 Kramer AF, Hahn S, Cohen NJ, Banich MT, McAuley E,
Harrison CR, et al. Ageing, fitness and neurocognitive
function. Nature 1999; 400: 418-419.
54 Chodzko-Zajko WJ, Schuler P, Solomon J, Heinl B, Ellis NR.
The influence of physical fitness on automatic and effortful
memory changes in aging. Int J Aging Hum Devel 1992; 35:
265–285.
55 Dustman RE, Emmerson RY, Ruhling RO, Shearer DE,
Steinhaus LA, Johnson SC, et al. Age and fitness effects on

Movement and Nutrition in Health and Disease 2017; 1: 3-10 | DOI: 10.5283/mnhd.3

McMorris. Past, present and future in exercise-cognition research | 10

56

57
58

59

60

61

62

63

64

65

EEG, ERPs, visual sensitivity, and cognition. Neurobiol Aging
1990; 11: 193–200.
Fratiglioni L, Paillard-Borg S, Winblad B. An active and
socially integrated lifestyle in late life might protect against
dementia. Lancet Neurol 2004; 3: 343–353.
Scarmeas N, Stern Y. Cognitive reserve and lifestyle. J Clin
Exp Neuropsychol 2003; 25: 625–633.
Hall CD, Smith AL, Keele SW. The impact of aerobic activity
on cognitive function in older adults: a new synthesis based
on the concept of executive control. Eur J Cogn Psychol
2001; 13: 279–300.
Etnier JL, Nowell P, Landers DM, Sibley BA. A metaregression to examine the relationship between aerobic
fitness and cognitive performance. Brain Res Rev 2006; 52:
119-130.
van Praag H, Christie BR, Sejnowski TJ, Gage FH. Running
enhances neurogenesis, learning, and long-term
potentiation in mice. Proc Natl Acad Sci U S A 1999; 96:
13427-13431.
Kawamoto Y, Nakamura S, Nakano S, Oka N, Akiguchi I,
Kimura J. Immunohistochemical localization of brainderived neurotrophic factor in adult rat brain. Neurosci
1996; 74: 1209-1226.
Lessmann V, Gottmann K, Malcangio M. Neurotrophin
secretion: current facts and future prospects. Prog
Neurobiol 2003; 69: 341-374.
Cunha C, Brambilla R, Thomas KL. A simple role for BDNF in
learning and memory? Front Mol Neurosci 2010; 3: 1. doi:
10.3389/neuro.02.001.2010.
Smith PJ, Blumenthal JA, Hoffman BM, Cooper H, Strauman
TA, Welsh-Bohmer K, et al. Aerobic exercise and
neurocognitive performance: A meta-analytic review of
randomized controlled trials. Psychosom Med 2010; 72:
239–252.
Pesce C, Ben-Soussan TD. “Cogito ergo sum” or “ambulo
ergo sum”? New perspectives in developmental exercise
and cognition research. In: McMorris T, ed. Exercise-

66

67

68

69

70

71

72

73

74

cognition interaction: neuroscience perspectives. New York:
Elsevier Academic Press, 2016: 251-282.
Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A,
Chaddock L, et al. Exercise training increases size of
hippocampus and improves memory. Proc Natl Acad Sci U S
A 2011; 108: 3017-3022.
Whiteman AS, Young DE, He X, Chen TC, Wagenaar RC,
Stern CE, et al. Interaction between serum BDNF and
aerobic fitness predicts recognition memory in healthy
young adults. Behav Brain Res 2014; 259: 302– 312.
Weinstein AA, Deuster PA, Francis JL, Bonsall RW, Tracy RP,
Kop WJ. Neurohormonal and inflammatory hyperresponsiveness to acute mental stress in depression. Biol
Psychol 2010; 84: 228-234.
Fincham JM, Carter CS, van Veen V, Stenger VA, Anderson
JR. Neural mechanisms of planning; a computational
analysis using event-related fMRI. Proc Natl Acad Sci U S A
2002; 99: 3346-3351.
van Veen V, Krug MK, Carter CS. The neural and
computational basis of controlled speed-accuracy tradeoff
during task performance. J Cogn Neurosci 2008; 20: 19521965.
Chaddock L, Erickson KI, Prakash RS, VanPatter M, Voss MV,
Pontifex MB, et al. Basal ganglia volume is associated with
aerobic fitness in preadolescent children. Dev Neurosci
(Basel, Switz) 2010; 32: 249–256.
Kattenstroth JC, Kalisch T, Holt S, Tegenthoff M, Dinse HR.
Six months of dance intervention enhances postural,
sensorimotor, and cognitive performance in elderly without
affecting cardio-respiratory functions. Front Aging Neurosci
2013; 5: 5. doi: 10.3389/fnagi.2013.00005.
Chang YK, Pan CY, Chen FT, Tsai CL, Huang CC. Effect of
resistance-exercise training on cognitive function in healthy
older adults: a review. J Aging Phys Act 2012; 20: 497-517.
Gothe N, Pontifex MB, Hillman C, McAuley E. The acute
effects of yoga on executive function. J Phys Act Health
2013; 10: 488-495.

Movement and Nutrition in Health and Disease 2017; 1: 3-10 | DOI: 10.5283/mnhd.3

