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ABSTRACT

Exercise is an essential aspect of our daily routine to maintain overall physical and mental
health. Exercise and its influence on mental health is an emerging trend in the scientific
research. Exercise not only improves physical health, but also influences long-term brain
function and behaviour. In this review article, we have discussed the role of biological mark-
ers that reflect improvement in cognitive function in exercise. The understanding of how
exercise ensures cognitive improvement is of paramount importance for implicating the role
of exercise in reducing the burden of mental problems in the society.

Key words: Exercise, Cognition, P300, Reaction Time, Neurobiological evidence.

INTRODUCTION

Physical activity, due to its innumerable health ben-
efits, is one of the oft-researched domains in medi-
cal literature. Apart from its health benefits, physical
activity has a positive impact on cognition.!" Several
human and animal studies have revealed the neu-
robiological mechanisms underlying the impact of
physical activity on cognition.”’ There has been a
tremendous progress in the last decade about the
molecular mechanisms, through which exercise
improves mental health. The World Health Organi-
zation has suggested the daily recommendation of
60 min of moderate-to-vigorous intensity physical
activity for children and adolescents (5 to 17 years)
population.!

Regular or chronic exercise is a planned, structured
and repetitive physical activity, which aims to im-
prove and maintain physical fitness. Within the do-
main of physical activity, aerobic exercise seems to
have more beneficial effects when compared to re-
sistance exercises, though some of the studies have
reported beneficial effects with both aerobicl® and
resistance exercises.!"!

Aerobic exercises are defined as those that can stim-
ulate the heart in order to increase the amount of ox-
ygenated blood sent to working muscles and cells.”!
Aerobic-based activities, including swimming, run-
ning, brisk walking and cycling, improve the oxygen
transport to the body’s cells and tissues. Aerobic ex-
ercise reduces the risk of cardiovascular disease,!®
type 2 diabetes!” and specific types of cancers."*! Ad-
ditionally, aerobic exercise is associated with positive
neurological and cognitive outcomes in children and
older adults.”

In addition to the chronic regular exercise, the
emerging researches indicates that even acute physi-
cal exercise has an obligatory role in improving
alertness, processing speed and executive functions
of cognition."”! While comparing low, moderate and

high intensity exercises, studies have reported that
cortical electric activity increases with increasing
intensity of physical exercise, but reaches levels that
favour cognitive performance at moderate intensi-
ties.['!]

Exercise and Cognition

Exercise improves cognitive functioning and a
wealthy of literature exists to support the notion.
Exercise improves various components of cognitive
function such as executive functions, selective at-
tention,'? sustained attentional processes,™ con-
centration, reaction time, short term and long term
memory and learning.*

Chronic Exercise and Cognition

A number of human and animal studies has sup-
ported the positive association between exercise on
learning and memory.">"*! A previous study has
reported improved cognitive performance?! and
declined neurodegeneration associated with aging®?
in older adults. These effects are due to the increased
hippocampal size with the exercise. In addition,
children who engage in regular exercise performed
better on verbal, perceptual, mathematical tests and
overall academic performance®! when compared to
children who do not engage in regular exercise or
sports activities. Another study compared the Audi-
tory and Visual Reaction Times (ART and VRT) of
the individuals performing regular aerobic exercise
and healthy adults. The study has reported a remark-
able reduction in the ART and VRT in the group that
performs regular aerobic exercise than the control
group. These changes were independent of their age
and gender.!!

A number of experimental evidences are available
for the impact of exercise on cognition. Animal stud-
ies in rodents have reported cognitive functioning
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enhancement with exercise. Running increases dendritic complexity and
the number of dendritic spines in the dentate gyrus®®!and entorhinal
cortex.””! Additional studies have reported an increase in the cell prolif-
eration, neurogenesis, angiogenesis, dendritic complexity and spine den-
sity in rodents when they were subjected to exercise.!

In addition, studies also have reported improvement in learning and
memory with exercise. This is because; exercise activates the transcrip-
tional machinery inside the nucleus to modulate the expression of genes
associated with regulation of synaptic plasticity, learning and memory
using epigenetic mechanisms.!

Acute Exercise and Cognition

Memory and Executive functions

Emerging scientific researches reports that even acute exercise can bring
about the beneficial effects equivalent to regular exercise both in terms of
physical and mental health. Recently, a meta-analysis study reported that
a single bout of moderate aerobic exercise improves inhibitory control,
cognitive flexibility and working memory in preadolescent children and
older adults.”” This documents the effect of acute exercise on cognition
especially executive functions.

Studies have reported that acute bouts of physical exercise would ben-
efit the cognitive performance in adults and elderly women* and older
adults.”™ Another study has reported that acute exercise has helped to
retain the information (working memory) for a longer period.”! A study
in pre-schoolers proved that, involving in physical activity helped them
to sustain the attention for a longer time, resulting in a better academic
performance.”"

Another study has reported improvement in sustained attention follow-
ing acute bouts of both resistance and aerobic exercises, which was re-
vealed by neurocognitive test batteries like Trail Making Test A and B
(TMT-A and B).! Exercise not only improves attention, it also improves
motor memory and motor skill learning, concentration®? and enhances
the working memory and executive functioning.

Acute Exercise and Cognition - P300

ERP has been useful in elucidating exercise-induced changes in process-
es occurring between stimulus engagement and response execution. As
early as 1997, researchers have found that increasing amounts of physical
exercise were related to increased amplitude of p300. The relationship
between physical activity levels and executive functions were correlated
with the results of p300 and Reaction Time (RT). A previous study has
revealed that the physically active group fared better in the executive
functions compared to the sedentary subjects.’® When p300 amplitude
changes were investigated with various intensities of exercise, moderate
intensity exercise demonstrated a greater enhancement with p300 ampli-
tude than vigorous intensity exercise.*!

Studies have reported an increase in p300 amplitude and decrease in
p300 latency following exercise in preadolescent children, suggesting
that acute exercise enhances executive aspects of cognition, which in-
cludes inhibition, working memory and cognitive flexibility. In addition,
reduction in the reaction time and the P300 latency and improvement
in the P300 amplitude has been recorded in pre-adolescent children, !
adults and in older population.©¢-3*!

Attention and academic performance increases with single acute bout
of moderate-intensity exercise in adolescents, which was revealed by
shortened P300 latencies.””’ Another study elucidated the effects of acute
physical exertion on Event Related Potentials (ERP). The researchers
could observe significant changes in N100, P200, N200 and interpeak
latencies. Females showed significant changes in N100, N200 and P200
latency. Both males and females exhibited a significant decrease in N200
latency for rare stimulus.’” When sedentary individuals were allowed

to perform an acute bout of physical exercise, reduction in P300 latency
was noted.! !

A recent study has compared the effect of single acute bout of exercise
on cognition in male athletic and non-athletic population. The study has
reported a remarkable reduction in P300 latency, visual reaction time
and auditory reaction time in both athletes and non-athletes following
the exercise. This demonstrates the improvement in cognition with exer-
cise irrespective of one being athlete or non-athlete.[*"*!l Therefore, it is
evident that acute exercise improves cognitive functioning in all the age-
group individuals such as pre-adolescent children, adolescent, adults,
elderly population irrespective of their past physical activity levels. Dur-
ing exercise, blood flow to the brain increases. In addition, neurogenesis
and increased production of the neurotrophic factors like BDNF occurs.
Exercise also modulates the molecular regulatory mechanisms involved
in neurotransmission, metabolism and synaptic plasticity.[*** All these
mechanisms play crucial role in cognitive enhancement.

Acute Exercise and Cognition - Reaction Time

Improvement in cognitive functions can be assessed from the cognitive
function tests like elucidating reaction time using the reaction time ap-
paratus. There are two types of reaction time- visual and auditory reac-
tion times. The mean auditory reaction time ART is comparatively short-
er (284 ms) than mean visual reaction time VRT (331 ms). In addition,
males were reported having faster ART and VRT compared to females.*°!

A recent study reported a remarkable reduction in the post-exercise re-
action times in the individuals who were exposed to single acute bout of
treadmill walking when compared to the baseline values. This is due to
the exercise-induced improvement in the attentional scope in the indi-
vidual.”! The authors further highlighted that acute exercise enhances
the cognitive functioning by accentuating the efficacy of attentional sys-
tem.[*®!

To elucidate the effect of age on exercise-induced attentional control, a
study compared the attentional span between 18 younger males and 17
older males using a go/no-go SART. The post-exercise reaction time was
noted. Despite the age differences, both the groups displayed shorter re-
action times after acute bout of exercise.*”) Another study assessed the
consequences of an acute bout of exercise on ART and VRT. They re-
ported that an acute bout of cycling improved the auditory and visual
reaction time parameters especially the ART. Therefore, it is evident that
regular as well as acute bout of exercise dramatically improves the execu-
tive functions of cognition such as attention, concentration and reaction
times of the individuals.*”

Exercise and Cognition: Neurobiological Evidence

Recent studies have paid attention to beneficial effects of exercise on
neurodegenerative disorders, which have resulted in newer insights. Ex-
ercise has been noted to enhance the neurogenesis of the hippocampal
formation leading to better cognitive outcome!' in such individuals.

Cortex and Hippocampus Involvement

Exercise improves cognitive functioning by activating various areas of
the cortex including the pre-frontal cortex.l"” Exercise stimulates the me-
dial prefrontal cortex, which is associated with executive functions and
working memory;®*¥ the striatum, associated with procedural memory;
the hippocampus, associated with context-dependent learning and epi-
sodic memory.©

Studies have reported improved cognitive performance following a mod-
erate intensity exercise, which was concurrently associated with left dor-
solateral and prefrontal cortex activation. This provides evidence for the
neural substrate involved in exercise-induced cognitive enhancement.
2l Another study attempted to evaluate the actions of acute exercise on
frontal and medial temporal lobe-dependent cognitive functions. The
study reported that high-intensity exercise had enhanced the cognitive
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functions pertaining to the prefrontal cortex.** A recent study has
found that acute exercise influences the prefrontal functions and cogni-
tive functions by allele modification in Apo lipoprotein E €4 gene. They
found a significant genotype-by-exercise interaction consequent to acute
exercise.””

Animal studies in rodents have documented the involvement of neu-
robiological markers in the cognitive enhancement. Aerobic exercise
increases the perfusion in the hippocampus in rodents, which could
be mediated by exercise-induced angiogenesis. Animal studies suggest
that angiogenesis is closely linked to adult neurogenesis."**! Running-
induced adult hippocampal neurogenesis substantially increases synap-
tic plasticity, spatial memory and pattern separation in adult animals.
Exercise also inverses the declining neurogenesis and memory function
in aged rodents.!

Therefore, it is evident from the above studies that there is a definite role
and involvement of various lobes of the cortex and hippocampus in ex-
ercise associated enhancement in the cognition and in declining the age-
associated memory loss and neurodegeneration.

Role of BDNF

The benefit of exercise involves a number of biochemical markers. One
among them is BDNE BDNF is a neurotrophin, more commonly ex-
pressed in CNS, which has a critical role in hippocampal neurogenesis,
neuroplasticity, neuronal shaping and survival. It is maximally produced
in hippocampal and cortical neurons. BDNF is involved in the matura-
tion and functioning of serotonin neurons. In turn, serotonin is involved
in neuroplasticity phenomenon mediated by BDNF and stimulated by
exercise.l®") Aerobic exercise increases the BDNF concentration in most
of the brain regions such as prefrontal cortex, peri-rhinal, striatum and
hippocampus. These responses are independent of age factors.[” BDNF
and Serotonin converge, interact and mediate memory and learning pro-
cesses.

A previous study evaluated the effect of acute exercise on serum BDNF
levels. The study has reported that BDNF levels were greatly elevated fol-
lowing the exercise. The researchers also found that the level of rise in
BDNF is directly proportional to the intensity of exercise./* Recent stud-
ies have supported such observations suggesting a possible role of BDNF
genotype in aerobic exercise-induced cortical brain differentiation.*

Certain animal studies have furthered our neurobiological understand-
ing in the effects of exercise on cognitive functions. They have docu-
mented an increase in the NE receptor activation which further leads
to increased cAMP-mediated signalling resulting in the proliferation of
BDNF receptors.[©!

Role of Serotonin

Serotonin (5-HT) is a neurotransmitter with a modulatory role in almost
all functions and biological processes. The serotonin neurons and their
projections innervate most brain areas, including cortical, limbic, mid-
brain, hindbrain and brainstem regions. Among the various receptors of
serotonin, 5-HT1A receptor is involved in cognition. Therefore, it acts as
a therapeutic target and a neural marker of memory deficits.

In a recent study, researchers elucidated the effects of varied intensities
of exercise on serotonin levels. Young participants were randomly allo-
cated to single acute bout of low intensity, moderate intensity and high
intensity exercise. Compared to other groups, the high-intensity group
had significantly higher values for serum serotonin, which indicates that
levels of rise in serum serotonin are directly proportional to the inten-
sity of the exercise. This study extends our observations in the field of
exercise-induced physiological changes.

Animal studies have strengthened the above findings by reporting con-
comitant increase in the expression of serotonin and BDNF levels in the
cortex and hippocampus with aerobic exercise.®! Serotonin also acts as

a meta-modulator of other neurotransmitter systems involved in the for-
mation of memory.

CONCLUSION

Exercise plays a crucial role in enhancing various components of cogni-
tion including executive functions like attention, concentration, reaction
time 47 and it has a remarkable role in modulating learning and long-
term memory. Exercise brings about these beneficial changes by modu-
lating various hormones, neurotrophins and neurotransmitters and by
enhancing neurogenesis and synaptic plasticity. In addition, exercise is
also vital for reducing the age-related memory deficits and neurodegen-
eration. With these existing data, it is clear that if more time is spent on
exercise, especially aerobic activities; it may not only improve the physi-
cal health, but also positively influences the cognitive functioning of the
individual.
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