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ABSTRACT

Introduction: The hippocampus can be influenced by the regular practice of
physical exercise e, which can be used as a non-pharmacological treatment for both
physiological and pathological cognitive disorders.

Objective: To understand the influence of physical exercise on the plasticity and
development of the hippocampus.

Method: Integrative review on the most recent advances in this field of study. The
descriptors were “Resistance exercise”, “Plasticity” and “Hippocampus”.

Results: In a total, 23 articles were analyzed, from which 9 were chosen due to their
relevance.

Conclusion: Physical activity affects hippocampal plasticity, as well as it helps

Central Message

Physical activity has a significant impact
on hippocampal plasticity, especially
through interaction with hormonal and
vascular factors. The arficle discusses how
exercise, at different intensities and types,
can influence neuroplastic processes
such as neurogenesis, angiogenesis and
the expression of neurotrophic factors,
contributing to the regulation of mood
and cognition. However, it also highlights
that the intensity and nature (forced or
voluntary) of exercise can generate
stressor effects that in some cases,
aftenuate the neuroplastic benefits.

regulate humor and maintain cognition, due to various mechanisms, such as hormonal
homeostasis regulation and the increase of synaptic efficiency. Physical activities are
an important external modulator of hippocampal plasticity, with a possible therapeutic
effect on protecting the nervous system against cerebral degeneration caused by aging
and neurodegenerative diseases.

Perspective

Physical exercise, especially moderate-

intensity exercise, may be a crucial

behavioral infervention to maintain brain
KEYWORDS: Exercise. Resistance exercise. Neurogenesis. Neurology. plasticity  throughout life,  potentially
offsetting the effects of aging and stress.
Furthermore,  controversies  regarding
responses to exercise are highlighted,
highlighting the importance of variables
such as sex, infensity, and duration of
exercise in modulating these effects.

RESUMO

Introducéo: O hipocampo pode ser influenciado pela pratica regular de exercicio
fisico e, que pode ser utilizado como ftratamento néo farmacolégico tanto para
distirbios cognitivos fisiolégicos quanto patoldgicos.

Objetivo: Compreender a influéncia do exercicio fisico na plasticidade e
desenvolvimento do hipocampo.

Método: Revisdo integrativa sobre os avancos mais recentes neste campo de estudo.
Os descritores foram "Exercicio resistido", "Plasticidade" e "Hipocampo".

Resultados: No total, foram analisados 23 artigos, dos quais 9 foram escolhidos
devido & sua relevancia.

Conclusio: A atividade fisica afeta a plasticidade hipocampal, bem como ajuda a
regular o humor e manter a cognicéo, devido a vérios mecanismos, como a regulacéo
da homeostase hormonal e o aumento da eficiéncia sindptica. As atividades fisicas sdo
um importante modulador externo da plasticidade hipocampal, com possivel efeito
terapéutico na protecdo do sistema nervoso contra a degeneracdo cerebral causada
pelo envelhecimento e doencas neurodegenerativas.
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Review Article

INTRODUCTION

he hippocampus is a discrete but important

telencephalic structure, located in the medial

zone of the temporal lobe. It is necessary for
spatial and episodic memory', besides being related to
the ability of learning.? Furthermore, it is also related to
an individual's stress response.® The two main anatomical
divisions of the hippocampal structure are respectively
called Ammon’s horn and dentate gyrus. Ammon’s horn
can be subdivided in zones from CA1 to CA4, whilst the
dentate gyrus is a big neurogenesis area in adult brains.*

In terms of functional division, the hippocampus is
subdivided according fo its longitudinal axis in 2 different
areas: dorsal or septal zone, which plays a role in memory
and spatial information, sending outputs to the anterior
cingulate cortex, anterior thalamus and mammillary
body. Regardless, the temporal zone of the hippocampus
is mostly related to the sense of smell, the prefrontal cortex
and the amygdala, managing stress response.’

Knowing all these functions, the hippocampal structure
canbeinfluenced by various factors. The genetic factor can
be determined by the individual’s sex, which determines
the production of androgen hormones (testosterone and
its metabolites) or estrogens (like estradiol), both of those
being responsible for subtle differences in hippocampal
structure. Changes not related to genetics include post-
traumatic stress disorder and the individual’s lifestyle.®

This article approaches the influence of regular
exercise practice in the development (plasticity) of the
hippocampus, based on various studies, both in animal
and human models, about the maintenance of the
structural and functional integrity of the hippocampus,
therefore, having it as a non-pharmacological treatment
for cognitive deficits, in both physiological and
pathological conditions, such as, respectively, aging and
Alzheimer's.

METHOD

This is an integrative review, which was researched
through the use of DeCS/MeSH descriptors “Resistance
exercise”, “Plasticity” and “Hippocampus”, crossed with
“AND” and “OR’ Boolean operators for searching on the
ScienceDirectdatabase. The chosen period was from 2011
to 2023. This way, 130 articles were found according to
the inclusion criteria: English language, publishing period,
and research articles (clinical trials, cohort studies, cross-
sectional studies, case reports) and experimental studies)
and relevant information about the guiding question, with
a total of 23 articles being analyzed, from which 9 were
chosen to compose this revision; The exclusion criteria for
the non-selected articles were based on works that did
not align with the article's theme or review articles.

DISCUSSION

At first, 23 articles of higher academic relevance
for the study of the present theme were analyzed, from
which 9 stood out, being later selected for the final review
presented in this study. For the presentation of those, Table
1 appears with its fundamental characteristics.

Table categorizes the used articles, presenting their

C

title, writer, base, publishing year, country of origin and
where it was first published. Also in this table are listed the
objectives and conclusions presented in each analyzed
article. This way, the various reviewed studies describe the
characteristics of hippocampal plasticity in its relation to
physical activity in humans and lab species, noticeably
small rodents, which are used in 6 out of the 9 articles
described.

Therefore, the articles present the same theme in
various different approaches, in a way to constitute
a plural integrative review about exercise induced
hippocampal plasticity.

Age, hormonal homeostasis and physical activity
level are some of the factors that impact hippocampal
plasticity, but the exact mechanisms through which these
factors interact with each other in specific moments are
not yet comprehended.”®

The perspective of development throughout life’s
course shows that the biological incorporation of
experiences that happened during early childhood
continues for the years ahead, as well as the concept that
physical and social conditions continuously change the
brain and the body through epigenetics. This dynamic
interaction gives the possibility of redirecting towards a
better path through behavior interventions, like physical
activity, that open plasticity windows.'

In a study with rats, it was observed an association
between circling Insulin-like Growth Factor 1 (IGF-1)
and physical aptitude in teenage individuals. IGF-1 is
predominantly synthesized in the periphery, and later
on crosses the hematoencephalic barrier, unleashing
the release of serial growth factors, those which result
in effects on neural development. With that, it was
verified an increase in the Vascular Endothelial Growth
Factor (VEGF) after physical training, with the interaction
between VEGF and IGF-1 showing a promotion in
neurogenesis and angiogenesis."

Therefore, it is important to highlight that it is
already foreseen in literature that physical activity can
generate indirect effects over hippocampal plasticity, by
influencing mostly brain vascular factors, with blood flow
and new vase generation that may contribute to possible
alterations in this mechanism.

By analyzing the effects of physical exercise in
hippocampal plasticity in experiments with rats, it is
noted that there is a vast study about inherent variables
of the study object, such as sex, and variables inherent to
physical exercise, whether these are voluntary or forced,
if the exercises are implemented in short or long term and
whether they are low, medium or high intensity.”"2

One of the main highlighted points is that both forced
physical exercise (in comparison to voluntary exercise)
and high intensity physical exercise (compared to low
and medium intensity ones) may result in stressing effects
in rodents, such as the increase in toxic substances in this
context, like corticosterone and lactate, which relate to
the decrease in potential beneficial effects of exercise
over hippocampal plasticity. Regardless, it is fundamental
to say that there are controversies on this matter, one of
them being that the reactions to stressing effects can be
managed.™"
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Another important parameter is whether exercise is
done in short or long term, that being about how long
they last. On this matter, one of the most important points
is how the duration of these exercises affect the different
phases of neurogenesis e how they affect the expression
of specific factors related to hippocampal plasticity, such
as the expression of BNDF and NGF.'>1¢

Still on this matter, it is relevant to say that short periods
of physical exercise can generate significant results on
abilities related to memory, if associated with a posterior
reactivation of this previous stimulus. That can be seenin a
study in which female mice were divided into groups and
submitted to an object location memory test (OLM), during
different periods. In this study, an experimental group did
voluntary exercises for 14 days (short term), followed
by a period of inactivity of 7 days a period of voluntary
physical activity of 2 days, and presented superior results
in the OLM in comparison to the group that did only the
14 days of exercise and the 7 days of inactivity, without
the 2 days of returning to physical activity.”

It is recurrent the information that in female and male
rodents there are differences in the effects of exercise
over neural plasticity, justified by many hormonal and
hippocampal structural factors, with an emphasis on the
influence of estrogen on the levels of proteins related to
hippocampal plasticity, as the BNDF.” The study in female
rodents previously cited also evaluated the possibility of

having different results in the OLM and the amount of

TABLE— Characterization of the articles selected (n = 9)7-910-1517

Ne° / Author, Year

1- Dong et al, 20227

2- Rostami et al.,
2021"

3- Broadhous EA et al.,
2020

4- Avila-gémiz et al,,
20237

5-Trivifio-paredes et
al, 2016%

6- Constans et al,,
2020"

7-De Sennaetal.,
2016"

8- Liv etal, 2017°

9- Ferreira et al., 201"
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Title

(Animal study ) Temporal endurance of exercise-
induced benefits on hippocampus-dependent memory
and synapic plasticity in female mice

(Animal study) The downstream effects of forced
exercise fraining and voluntary physical acfivity in an
enriched environment on hippocampal plasticity in
preadolescent rats

(Clinical Trial) Hippocampal plasticity underpins long-
term cogpnitive gains from resistance exercise in MCI

(Animal study) Sequential freadmill exercise and
cogniive training synergistically increase adult
hippocampal neurogenesis in mice

The effects of hormones and physical exercise on
hippocampal structural plasticity

(Animal study) High-intensity interval training is superior
to moderate infensity training on aerobic capacity in
rats: Impact on hippocampal plasticity markers

(Animal study) Physical exercise reverses spatfial
memory deficit and induces hippocampal astrocyte
plasticity in diabetic rats

(Animal study) Swimming exercise reverses CUMS-
induced changes in depression-like behaviors and
hippocampal plasticity-related proteins

(Animal study) Short-term, moderate exercise is
capable of inducing structural, bdnf-independent
hippocampal plasticity

Journal

Neurobiology of
Learning and Memory

Brain Research

Neurolmage: Clinical

Physiology & Behavior

Frontiers in
Neuroendocrinology

Behavioural Brain
Research

Brain Research

Journal of Affective
Disorders

Brain Research

physical activity according to the estrous cycle, which
presents periods of variable female hormone levels. But,
it was noted that regardless of different levels of voluntary
physical activity being observed in rodents in different
phases of the estrous cycle, their outcome in the OLM
didn't show notorious differences, even if the study was
limited by its small sample size.”

Regardless of these studies limitations, the difference
in the effects of physical activity between sexes was also
noted in another experiment with rodents, in which it was
verified an increase in anxiety levels in females after
being forced to exercises in a running mill, whilst there
were no alterations in the males, which helps the thesis that
physical activity affects opposite sex animals differently."

In this same study, it was seen that beyond the countless
benefits, forced physical training can also unleash
negative stress and increase behaviors similar to anxiety,
with high levels of corticosterone being registered after
sessions of forced training in running mills. It has been
frequently observed that the forced training protocols
stimulate the release of glucocorticoids and affect the
regulation of the negative feedback cycle, mediated by
glucocorticoid receptors (GRs), portraying a determinant
role in the response modulation in the hypothalamus-
hipofisis-adrenal axis (HHA). Consequently, the increased
presence of glucocorticoids may reduce the expression of
GRs and affect the levels of BDNFE."

Furthermore, it was verified that even though in

Objecfives

Examine the necessary parameters in the temporality
of physical exercise in a way to initiate and maintain
the cognitive benefits of these practices in female
mice.

Evaluate the effects of high intensity physical exercise
in brain funcfion during the pre-puberty period in
rats and the impacts of ambiental cognitive stimuli
concomitant to this practice.

Investigate the long-term impacts of resistance
physical exercise on cerebral structure and
cogpnition, focusing on the impacts of this practice on
neuroprotecfion against hippocampal aging and the
degeneration of Alzheimer's disease.

Evaluate if male mice subjected to exercise in
mechanical running combined with cognitive training
have a higher benefit on hippocampal neurogenesis
if compared to any other individualized treatments.

Describe the impact of infernal modulators
(hormones) and external (physical acfivity) on
hippocampal plasticity in human adults, highlighting
the specific molecular mechanisms involved in this
brain phenomenon.

Compare the impacts of high intensity physical
training alternated with medium intensity ones over
the muscular performance and brain plasticity of
healthy rats for 8 weeks.

Investigate the effects of physical acfivity on the

prevention of cogpnitive deficits induced by type
1 mellitus diabetes on the hippocampal region’s
astrocytes.

Comprehend the molecular mechanisms of mild
and unpredictable chronic stress signalizing over the
profein expressions related to hippocampal plasticity.

Investigate the short term and moderate intensity
benefits of physical acfivity in adult male rats, through
immunohistochemistry studies, genetic studies and
western blotting.
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CONCLUSION

The benefits induced by physical exercise have a
temporal dynamicity in female mice due to hormonal
cycles.

When not accompanied by ambiental cognitive stimuli,
high intensity physical acfivity may have a negative
impact on hippocampal plasticity by hormonal effects
related to stress and anxious behavior.

The findings emphasize the potential therapeutic role of
physical activity in hippocampal protection for up fo 1
year after finishing medium and high intensity exercise.
Besides that, they demonstrate a protective role over
hippocampal subareas susceptible to volume loss due
to Alzheimer’s disease.

The cell proliferation on the hippocampus of adult

mice requires a lesser than 10 days limit of medium
infensity running to elevate the performance of spatial
memory. When this pracfice is combined with cognitive
stimulation, a bigger plasticity on the dentate gyrus

is noted.

The hippocampus is one of the few regions in adults
that has as much synaptic plasticity as structural
plasticity, and many of the effects of physical activity
on this region of the brain are regulated by hormonal
action, which is explained by the high amount of
systemic hormonal receptors in the hippocampus.

Periodic high infensity physical training can bring more
benefits to the hippocampal sfructure than continuous
medium intensity exercises, but neither of those present
cogpnitive benefits over spatial memory.

Physical exercise can induce a higher brain plasticity,
reducing and reverting spatial memory deficits caused
by type 1 mellitus diabetes.

Chronic stress harms the expression of proteins like

GAP-43 and synaptophysin

Physical exercise induces an improvement of
hippocampal plasticity, which promotes cognitive
benefits in short term through regulation of proteins
related fo mitochondrial metabolism, as well as long
term, since the neurofrophic factors produced protect
the hippocampal neurons linked to glutamatergic
excitotoxic action.
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3 weeks of combined physical exercise there was a
significant increase of GR proteins in the hippocampus,
there was no impact in the blood levels of corticosterone
on the studied rodents. These results may be related to
the adaptation of the HHA axis to appropriate stress.
Is supposed that the stress response activation relies on
the intensity of the physical training, but this hypothesis is
not well defined in literature. On the other hand, the rats
exposed to a stimulus enriched environment (SEE), which
included a large cage and a variety of stimulant objects
(balls, seesaws, tunnels and toys to promote cognitive
abilities, as well as an exercise wheel and many ladders
for exercising), showed a significant increase in GRs,
alongside a decrease in blood levels of corticosterone.
These discoveries showcase evidences that the AEE seems
to reduce activity in the HHA axis. That being, social
interaction, voluntary physical activity and pleasure may
as well contribute to the reduction of activity in the HHA
axis."”

Physical exercise, specially of moderate intensity,
with emphasis on cardiovascular training, are crucial
to maintain homeostasis.” Also, it was proved that
high intensity and long duration resistance training is
an effective form of exercise to reduce dysfunctions
caused by diabetes, such as endothelial damage and
neuropathies.™

In another study with rodents, it was verified that
High Intensity Interval Training (HIIT), when compared
to medium intensity continuous training (MICT) during
a period of 8 weeks revealed higher levels of markers
in the hippocampus associated to synaptic plasticity,
neurogenesis and angiogenesis, but there are il
controversies in academic literature about the comparison
of different physical exercise regimens in studies with
rodents due to methodological inconsistencies. In this
same study, cognitive tests were applied, such as the y
maze test and the object recognition test, but in neither
of the isolated training modalities were found significant
differences comparing the first and fifty-seventh day.”
On the other hand, low intensity exercises also have an
important role in rodents with neurological lesions. That
can be seen in cases of male rats which were brain stroke
models, that after being submitted to 4 weeks of low
intensity exercise showcased an improvement in abilities
related to the hippocampus of object recognition when
compared to the rodents that spent the same 4 weeks
doing high intensity exercises.'®

In this context, it is seen that hormonal modulation may
be one of the various mechanisms through which physical
activity positively affects not only hippocampal plasticity
but also cognition and mood regulation.'

Exercise induces synaptic plasticity of the hippocampus
mainly through the improvement of the synaptic efficiency
and the expression of molecules involved in learning
and memory. An increase in neurotrophic factors,
such as the brain derived neurotrophic factor (BDNF),
the neural growth factor (NGF), the fibroblast growth
factor (FGF) and their mRNAs were broadly noted after
exercise. These factors promote neuroprotection against
the excitotoxic effects of glutamate in cell cultures.”
In studies with diabetic rodents, it was observed that

C

physical exercise did not have a significant impact on
body weight, blood glucose levels or glucose capture in
the hippocampus. Nonetheless, it was noted that physical
training was efficient in reverting the memory deficits
induced by type 1 diabetes. This finding may be related
to improvement in parameters such as neural plasticity
in the hippocampus, long term potentiation, astrocyte
proliferation, neurogenesis, reduction of oxidative stress
(through the increase in hippocampal levels of GSH) and
astrocyte plasticity.'®

Furthermore, in another study it was verified that
there is a synergism in the hippocampal neurogenesis
in adult rats with the sequential combination of physical
activity and hippocampal-dependant memory  training.
In addition to that, it was verified through Morris water
maze that the rodents that exercised were more efficient
in task solving and showed a better capacity of retaining
information. The success in maze training may have been
due to additional neurocognitive resources derived from
physical stimulus, correlating changes in the processing
and controlling of hippocampal neurogenesis to physical
activity.

On a different view, the loss of protection of brain
plasticity, which can be induced by stress, may contribute
to the emergence and recurrence of depression. It was
related that chronic stress opens epigenetic plasticity
windows in the hippocampus.?

CONCLUSION

The factors that modulate the beneficial relation
between physical activity and synaptic and structural
plasticity in the hippocampus are various, from which can
be stood out age, sex, stress level, duration and intensity of
training and presence of external cognitive stimuli. Most of
physical exercise’s modulating effects over hippocampal
neurogenesis are mediated through systemic hormones,
which have high variations through people’s lives, then
being physical activity a possible therapeutic measure to
maintain a healthy hormonal balance in each different
stage of life. Besides that, sex hormones also show
clinical influence in synaptic plasticity in female sex
individuals, due to the natural estrogen variation during
the menstrual cycle and the intrinsic role of this hormone
over brain derived neurotrophic factors expression
modulation in the hippocampus. Physical activity also
promote positive effects over hippocampal cognition
through the prevention of moderate unpredictable
chronic stress in people, since this clinical condition harms
the expression of synaptic plasticity modulator proteins,
such as GAP-43 and synaptophysin (SYP), in the CA1
and dentate gyrus hippocampal regions. Furthermore,
the frequency and intensity of physical exercise, on their
own, promote distinct effects over hippocampal plasticity
and spatial memory linked to this structure, since medium
and high intensity trainings are related in various studies
to the increase of molecular markers of brain plasticity,
like glial fibrillary acidic protein (GFAP), NGF e SYP
, as long as it happens within a minimum time between
10 and 14 consecutive days. According to the studies
compiled in the extension of this article, physical activity
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is an important extrinsic modulator of hippocampal
plasticity, performing a possible therapeutic role on
neural protection against brain degeneration induced
by aging and by neurodegenerative diseases such as
Alzheimer’s, besides acting in reverting spatial memory
deficits induced by previous pathologies, like type 1
mellitus diabetes. Having all of this in mind, this article
still has a notable deficit in the number of studied samples
when noting the high amount of existing relevant research
on this topic. Therefore, more complex and extensive
studies about hippocampal plasticity induced by physical
exercise are needed.
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