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Abstract

Environmental factors interfere in the neural plasticity processes. Among these, malnutrition in the early stages of life stands out as one
of the main non-genetic factors that can interfere in the morphofunctional development of the nervous system. Furthermore, sensory
stimulation from enriched environments (EE) also interferes with neural development. These two factors can modify areas related to
memory and learning as the hippocampus, through mechanisms related to the gene expression of brain-derived neurotrophic factor
(BDNF). The BDNF may interfere in synaptic plasticity processes, such as memory. In addition, these changes in early life may affect
the functioning of the hippocampus during adulthood through mechanisms mediated by BDNE. Therefore, this study aims to conduct
a literature review on the effects of early malnutrition on memory and the relationship between the underlying mechanisms of EE,
BDNF gene expression, and memory. In addition, there are studies that demonstrate the effect of EE reversal on exposure to changes
in the functioning of hippocampal malnutrition in adult rats that were prematurely malnourished. Thereby, evidence from the scientific
literature suggests that the mechanisms of synaptic plasticity in the hippocampus of adult animals are influenced by malnutrition and
EE, and these alterations may involve the participation of BDNF as a key regulator in memory processes in the adult animal hippocampus.
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Highlights:

+ The synaptic plasticity mechanisms in the hippocampus of adult animals are influenced by EE.

+ BDNF acts as a regulatory factor in the survival and development of dendritic neuronal precursor cells in the hippocampus of adult
animals.

+ Exercise-induced cell proliferation can be promoted by increased BDNF expression.

the invertebrate Aplysia (Kandel, 2001). Brain areas of verte-

Introduction

The nervous system (NS) can modify its morphofunctional or-
ganization in response to internal or external demands, char-
acterizing brain plasticity (Sale et al., 2014). The neural mech-
anisms that are involved in brain plasticity are responsible for
the synaptic facilitation that forms the basis of brain functions
associated with the memory process, functionally classified as
synaptic plasticity. Studies on this theme include the processes
of synaptic sensitization, habituation, long-term potentiation
(LTP), and long-term depression (LTD). Specifically, LTP was
evidenced in the work of Eric Kandel in the model that used

brates, such as the hippocampus, have been investigated since
1973 by Bliss and Lomo, who verified the basis of the mecha-
nisms of memory formation (Bliss and Lomo, 1973).

The hippocampus plays a role in integrating the mecha-
nisms of learning and memory (Ma et al., 1998) and regulates
motivational factors, hormonal factors, emotional behaviors,
and responses to stress. The subareas involved in these hip-
pocampal functions are segregated topographically along the
Spatio-temporal axis, where the dorsal region participates in
the learning and memory processes, while the ventral region,
behaviors, and emotions are related to anxiety (Bannerman et
al., 2004; Moser et al., 1993).
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Exogenous factors can interfere with this synaptic plastici-
ty and modulate memory development and/or maintenance.
One of these factors is nutritional malnutrition in the peri-
natal period. Early malnutrition causes a permanent decrease
in the number of granular cells of the hippocampus dentate
gyrus (DG). These factors can cause morphofunctional chang-
es in the SN, which may result in a decrease in the number of
neurons (Pérez-Garcia et al., 2016) and cells glial generated in
the period of neurogenesis and gliogénese, or because of apop-
tosis due to the insufficient nutritional availability (Sani and
Bedi, 2007).

Another exogenous factor is voluntary physical activity
that occurs in response to stimulation by enriched environ-
ments (EE). Voluntary physical activity can promote changes in
motor functions (Risedal et al., 2002), learning, memory (Ros-
sietal., 2006), and emotional behaviors (Tanti et al., 2012). In
this sense, the EE acts as a combination of complex stimuli of
inanimate and social objects that influence morphological and
functional aspects of NS, increasing sensory, cognitive, motor,
and social interaction stimulation (Cutuli et al., 2011). Behav-
ioral studies have shown that exposure to EE increases memo-
ry capacity, especially in attempts at spatial learning (Birch et
al., 2013; Prusky et al., 2000). The neurogenesis and synaptic
density have also been stimulated by EE promoting explora-
tory activity (Gobbo and O’Mara, 2005), and associated with
performance on behavioral tests (Hopkins and Bucci, 2010).
The differences found in neural pathways stimulated by EE are
related to changes in neurotrophic factors, especially BDNF
(Cutuli et al., 2011; Falkenberg et al., 1992; Pietropaolo et al.,
2004). This molecular mechanism underlying EE that induces
neuroprotection is attributed, in part, to the positive modula-
tion of neurotrophin levels (Rossi et al., 2006).

The term EE as an experimental process emerged in the
late 1940 and was created by Donald Hebb (Eckert and Abra-
ham, 2010; Neves et al., 2008). Although there is no consensus
on defining suitable EE paradigms, animals are generally kept
in larger groups and in cages whose environment is complex
and variable (Simpson and Kelly, 2011). The positive effects
of EE also include the functioning of the SN. Currently, one of
the brain regions most studied to determine the effects of EE
on nervous tissue is the hippocampus (Madronal et al., 2010).

The plasticity in the hippocampus involves changes in the
expression of trophic factors, survival promoters, and neu-
ronal differentiation during development (Huang and Reich-
ardt, 2003; Olson et al., 2006). The exposure sequence EE in-
creases the expression of BDNE, GDNF, NGF, neurotrophin-3,
and NT-3 levels and many of their corresponding receptors
increase in the hippocampus (Olson et al., 2006; Williamson
et al., 2012). Therefore, this study aims to conduct a litera-
ture review on the effects of early malnutrition on memory
and the relationship between the underlying mechanisms of
EE, BDNF gene expression, and memory. Furthermore, there
are studies on the effect of EE reversal on exposure to changes
in the functioning of hippocampus in the adult rats that were
malnourished early.

The hippocampus and the formation of memory

The work of Terje Lomo and Timothy Bliss in the late 1960s
induced LTP (Bliss and Lomo, 1973). It was found that a few
seconds of high-frequency electrical stimulation increases syn-
aptic transmission in the hippocampus for days or even weeks
(Neves et al., 2008). However, progress in understanding the
LTP mechanism has been strongly based on in vitro studies of
slices of the hippocampus, as neurons in this region allow for
their sectioning so that the circuits remain intact. In these

preparations, the cell body of pyramidal neurons is found in
a single layer, which is divided into several distinct regions,
the main ones being CA1 and CA3 (Izquierdo et al., 1999). The
dendrites of the pyramidal cells of the CA1 region form a thick
band that receives synapses from the Schaffer collaterals, the
axons that originate from the pyramidal cells of the CA3 re-
gion (Riedel and Micheau, 2001). Most studies with LTP do so
in the synaptic connections between Schaffer collaterals and
CA1 pyramidal cells, where the electrical stimulation of Schaf-
fer collaterals generates a postsynaptic excitatory potential
(EPSP) in postsynaptic CA1 cells (Martin et al., 2000).

LTP occurs not only in the excitatory synapses of the hip-
pocampus but also in other synapses in a variety of brain re-
gions, including the cortex, the amygdala, and the cerebellum.
LTP also exhibits the property of specificity of input: when
LTP’s are induced by the stimulation of a synapse, the same
does not occur in other inactive synapses that are in contact
with the same neuron (Zagrebelsky and Korte, 2014). This
characteristic of LTP is consistent with its involvement in the
formation of memory, since the selective increase in the stim-
ulation of certain sets of inputs is probably necessary to store
specific information.

Using the Morris water maze, researchers have shown
that blocking NMDA receptors prevents LTP induction in vivo
and in vitro and therefore results in impaired spatial memo-
ry (Morris et al., 1990). Genetic manipulation is also used to
demonstrate a link between LTP and a specific type of long-
term memory (DLM). A study carried out with the modified R1
subunit of the NMDA receptor in the CA1 region of the mouse
hippocampus showed a delay in LTP, resulting in damage to
spatial memory (McHugh et al., 1996).

Research that studies the role of protein kinases in LTP has
advanced since it is known that these proteins influence the
induction, expression, and maintenance of this physiological
event. Thus, some protein kinases, such as calmodulin-depend-
ent protein kinase (CaMKII), AMPC-dependent protein kinase A
(PKA), protein kinase C (PKC), proteins that are tyrosine ki-
nases, and MAPK/ERK, which have been studied because they
play a role in the hippocampus plasticity. Other authors point
out that ERK plays an important role in different types of LTP,
both in NMDA-dependent and non-NMDA-dependent recep-
tors in the CA1 and hippocampal gyrus areas of mammals.

The researchers demonstrated that Morris water maze acti-
vates MAPK in neurons CA1 and CA?2 of the dorsal hippocam-
pus. However, in vivo inhibition of the MAPK/ERK cascade im-
paired long-term (but not short-lived) spatial memory (Blum
et al., 1999). According to the functioning of this protein in
neuronal growth and differentiation, this fact suggests that in
particular the CA1 and CA2 layers may be sites of intense hip-
pocampal plasticity associated with long-term spatial memory,
although studies on this subject still need to be investigated
(Adams and Sweatt, 2002; Blum et al., 1999).

The primary circuit of the formation of the hippocampus
is based on a series of sequential synapses that transmit in-
formation from the entorhinal cortex, granular gyrus cells,
CA3 pyramidal cells and CAlarea (Neves et al., 2008). These
hippocampal pathways — together with the projection of gluta-
matergic, gabaergic neurons and serotonergic interneurons of
the local circuit - represent the basic processing module in the
formation of the hippocampus (Morgane et al., 2002) - Fig. 1.

Studies on the molecular mechanisms of memory in
sensory neurons of the Aplysia molluscum showed that it in-
volves protein kinases, including cAMP-dependent protein
kinase, protein kinase C and cAMP-activated protein kinase A
(MAPK), which activates protein synthesis in the postsynaptic
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Fig. 1. Photomicrograph of coronal sections in the hippocampus
stained with eosin and hematoxylin in 3-month-old control rats
illustrating the CA1 region, axonal pathways SC (Shaffer Collaterais),
CA3 region, and MF (Mossy Fibers) pathways. DG (Dentate Girus),
GCL (cell layers through the granule cell layer), and SGZ (subgranular
zone).

neuron. Secondary messengers, such as protein kinase A and
MAPK, control the activity of transcription factors, includ-
ing CREB (cAMP response element-binding protein) (Kandel,
2001). Thus, there is the synthesis of nitric oxide (NO), which
is transported retrogradely to the presynaptic neuron, where
it will promote the release of more glutamate. Another avenue
for facilitation involves the serotonergic interneuron, increas-
ing the excitatory postsynaptic potential between the senso-
ry-motor synaptic connections that induce the LTP facilitation
or process (Nikitin, 2007; Olson et al., 2006).

However, memory is a gradual process that, during new
information, is consolidated and may or may not be stored in
the cerebral cortex. Thus, the memory can be divided into two
phases: one independent of RNA synthesis, which lasts from
minutes to 1-3 hours (short-term memory, or MCD), and an-
other that depends on RNA synthesis and protein, both occur-
ring in the hippocampus, lasting hours, days, weeks or even
longer periods (DLM) (Alonso et al., 2002; Bekinschtein et al.,
2008). However, little is known about the molecular mecha-
nisms that allow for greater maintenance of the DLM.

LTP is necessary for the formation of memory, as it favors
the memory consolidation process (da Silveira et al., 2013).
The other memory processes are acquisition and recovery. The
acquisition is known as learning, being the detection of infor-
mation in the environment by the sensory systems. In the first
minutes or hours after contact with the stimulus to be memo-
rized, this information — through processes of protein synthe-
sis and synaptic changes — results in consolidation (Igaz et al.,
2006). In 1973, Timothy Bliss and Terje Lomo demonstrated
in neurons in the hippocampus of rabbits that high-frequency
electrical stimulation in a presynaptic axon for a few seconds
produces an increase in the magnitude of the postsynaptic

response. This pattern of reinforced and persistent responses
was known as LTP (da Silveira et al., 2013). Memory consoli-
dation is the process of forming a memory file in the NS. This
occurs in the neurons of the hippocampus, often with the con-
comitant participation of the entorhinal parietal cortex and
the subsequent basolateral nuclear complex of the amygdala
(Izquierdo et al., 1999).

BDNF may also induce the hippocampus LTP (Ma et al,,
1998). BDNF is a type of neurotrophin that is activated by the
CaMKII and plays an important role in synaptic plasticity, as
in the mechanisms of learning and memory. BDNF, by bind-
ing to the receptor TrkB, regulates synaptic transmission and
promotes the enhancement of long-term LTP by modulating
the expression of NMDA (N-methyl-D aspartate) (Moriguchi
et al., 2018). A study using male Wistar rats verified the per-
formance of BDNF in a late phase of protein synthesis and
expression of BDNF in the hippocampus; 12 hours after the
formation of the consolidation of DCM, the animals were can-
nulated. Following this procedure, inhibition of BDNF expres-
sion in the hippocampus was performed during DCM process-
ing. Some behavioral tests were carried out, such as inhibitory
avoidance tests to observe memory retention (Bekinschtein et
al., 2008). For the analysis of the BDNF protein, immunoblot-
ting was performed and a deficit in the persistence of memory
was found in the animals, without affecting the formation of
DCM, indicating that the synthesis of BDNF during this final
phase of protein synthesis is crucial for the persistence memo-
ry storage (Bekinschtein et al., 2008; Chen et al., 1999).

Another research group used EE exposure for male mice
for 3 weeks and found that there was an increase in BDNF pro-
tein expression in the EE group, associated with better per-
formance on the platform hidden in the Morris water maze
(Kondo et al., 2012). Previous studies adopting physical exer-
cise models found that there was an increase in BDNF protein
expression in the physical exercise group, during which the in-
hibitory avoidance task increased BDNF mRNA levels during
the initial phase of the memory consolidation process (Ma et
al., 1998).

Malnutrition and memory

The environment, especially the enriched environment, diet,
and physical activity (Morgane et al., 2002), are factors that
modify the genomic aspects and metabolic programming. For
example, insults during the critical period for the develop-
ment of the NS can have long-term effects on memory (Chen
et al., 1999; Maurage, 2008; Morgane et al., 2002; Patel and
Srinivasan, 2010; Pérez-Garcia et al., 2016). There is already
a worldwide trend towards an increased risk of developing
obesity, not only because of the genotype but also because of
the lifestyle of individuals (Maurage, 2008; Naik et al., 2017;
Tompkins et al., 2017). Due to the low purchasing power of the
population, malnutrition is still a global problem that affects
millions of children in the most vulnerable stages of SN devel-
opment, especially in underdeveloped countries.

The hippocampus is a structure selectively vulnerable to a
maternal nutrient restriction, where the duration and magni-
tude of nutritional disorder are directly related to body devel-
opment and behavioral changes in adults (Alvarez et al., 2014;
Laus et al., 2011). Malnutrition in the early stages of life and
maturational events in the NS can result in abnormal behavio-
ral and cognitive disorders, inadequate learning and memory
(Duran Fernandez-Feijoo et al., 2017; Morgane et al., 2002).
These insults during brain development are long-lasting and
lead to permanent deficits in learning and behavior (Georgieff,
2007). The term “malnutrition” indicates that, although all
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the nutrients required by the species are available in the diet,
the quantities are insufficient (Duran Fernandez-Feijoo et al.,
2017; Laus et al., 2011).

Nutritional inadequacy alters the development of the NS,
which includes the synthesis of cellular components, such as
nucleic acids and proteins, in parallel with neurogenesis and
glycogenesis, through cell proliferation, differentiation, migra-

v |

tion, and maturation, accompanied by a decrease in cell size
(Georgieff, 2007). Also, it can alter the enzymatic activity and
interfere in the synthesis of proteins (Berardino et al., 2017).
Therefore, the incorporation of lipids in various structures of
the brain can lead to changes in the ordered progression of
brain development, logic, and memory circuitry (Duran Fer-
nandez-Feijoo et al., 2017) - Fig. 2.
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Fig. 2. Schematic representation showing the influences of malnutrition during gestation and lactation and environment enrichment in adults

on the memory mechanism and gene expression of BDNE.

Furthermore, an adverse environment can induce epige-
netic modification of the genome which can influence an indi-
vidual’s risk of health and disease in the nervous system. Both
mechanisms are likely to be responsible for the variation seen
in an individual’s response to an adverse environment. It is un-
likely that these mechanisms are independent, and the relative
contributions of each are yet to be determined.

Therefore, nutritional, or environmental factors in these
stages of development can lead to permanent changes that
possibly reflect cognitive deficit, emotional and behavioral
changes, or the later development of degenerative diseases of
NS. Currently, epigenetic mechanisms related to stress, mal-
nutrition, and/or environmental chemical agents have been
implicated in animals and humans, acting on neuroendocrine
behavior and/or function. However, the presence of only epi-
genetic mechanisms is insufficient to prevent the development
of the disease (Barouki et al., 2012).

Factors that can interfere with the epigenetic mechanism,
such as environmental or nutritional factors, occur mainly
during the critical period of development, as it is the moment
when they promote changes due to intense neural plasticity
(Hopkins and Bucci, 2010). However, the changes resulting
from epigenetic effects are different for each tissue and can
extend to early childhood and puberty, such as the nervous
and reproductive systems (Arima and Fukuoka, 2020). On the
other hand, there is evidence that children of malnourished
mothers have reduced expression of neurotrophic factors in
the formation of the hippocampus compared to adequately fed
control mothers (Sani and Bedi, 2007).

A point to be highlighted in studies on the relationship be-
tween caloric restriction, neurogenesis, and synaptic plasticity
is the brain’s ability to resist aging and restructure function
after injury (Gillette-Guyonnet and Vellas, 2008). Thus, re-

searchers carried out a study with 90-day-old Sprague-Dawley
rats, where they had 50% food restriction compared to the
control group during pregnancy and lactation or only during
lactation and observed that the group with food restriction
showed a decrease in the survival of the cells in the hippocam-
pus DG, but there was no change in differentiation in the hip-
pocampus of these cells (Hadem and Sharma, 2017).

Furthermore, malnutrition at any stage of life can promote
changes in neural systems. A previous study with Sprague Daw-
ley male rats divided into four groups: control, malnourished,
status epilepticus and status epilepticus, and malnourished,
investigated the relationship between postnatal malnutrition
and/or epileptic conditions in the developing brain as causes
of damage to the hippocampus (Laus et al., 2011; Rezende et
al., 2015). The Morris and Western Blot water labyrinth test
was performed and the results showed that in adulthood (80
days of life), both the group with epilepsy and the malnour-
ished group had a spatial learning deficit, loss of hippocampal
cells, and a decreased level of CRE B phosphorylation in the
CA1 region of the hippocampus (Huang and Reichardt, 2003).

In contrast, another factor, the EE, has effects on the NS,
including increased levels of the neurotrophic factor BDNF
(Bechara and Kelly, 2013; Kobilo et al., 2011; Williamson et al.,
2012), the number of dendritic spines, widening of the syn-
apses, and increasing the number of neurons newly generated
in the DG of the hippocampus (Huang et al., 2006; Olson et
al., 2006).

The enriched environment, memory, and BDNF

EE is a housing manipulation that increases the physical and
social and integrating and modular stimulus of plasticity in
the hippocampus and other rodent cortical regions (Hopkins
and Bucci, 2010; Lindsey and Tropepe, 2006; Williamson et al.,



Almeida Barros et al. / J Appl Biomed 129

2012). The results showed that EE promotes positive respons-
es on learning and memory, and on obtaining acquisition and
retention of new tasks (Jankowsky et al., 2005; Madronal et
al., 2010). It also increases the process of neurogenesis, and
can facilitate cognition and recovery from interruption, in-
cluding seizures and ischemia, and models Parkinson’s disease
(Park et al., 2017; Williamson et al., 2012). One hypothesis is
that exposure to EE causes a learning-induced change in syn-
aptic physiology in the hippocampus. For example, by altering
baseline synaptic transmission or a change in the induction or
persistence of LTP and LTD (Eckert and Abraham, 2010).

Molecular and cellular studies have shown that animal ex-
posure to EE results in anatomopathological changes in the
brain compared to those in standard housing conditions (Ko-
bilo et al., 2011; Rezende et al., 2015). These changes include
an increase in the total weight of the brain, the amount of pro-
tein content, and the thickness of the cerebral cortex of the
hippocampus and a region with such changes (Madrofial et al.,
2010). It is also noteworthy that the increase in neurogenesis
due to exposure to EE occurs in the integration of these new
functional circuits of the generated neurons and high num-
ber of synapses in the dentate gyrus and CA3-CA1 regions
(Madronal et al., 2010).

Thus, the exposure of adult rats to EE and exercise induces
neurogenesis in the GD and is correlated with increased levels
of BNDF in the hippocampus (Choi et al., 2009; Meng et al.,
2015). A study conducted with male control rats (or those ex-
posed to EE for 6 weeks) looked at the response in the object
recognition memory tests, to check short and long-term mem-
ories, and the high crossed maze for anxiety, in addition to im-
munohistochemistry. It was seen that the EE group showed
increased cell proliferation in the hippocampus, neurogenesis
in the dorsal hippocampus, and a higher percentage of time
exploring a new object, proving that there was SCI (Tanti et
al., 2012). Another study with adult rats (3-5 months of age)
exposed to EE for 3 weeks observed better cognitive perfor-
mance, increased expression of CREB, and transcription fac-
tor LTP in the CA1 region of the hippocampus (Huang et al,,
2006).

More recently, EE has been shown to have positive effects
on brain function and has been found to increase the survival
of newly formed neurons in the DG (Mesa-Gresa et al., 2013)
and BDNF levels (Jurgens and Ohnson, 2012; Kobilo et al,,
2011; Kondo et al., 2012). A study was conducted on male
mice at 90 days of age, divided into two groups: (1) control,
EE at 21 days (1 week, 4 weeks, and 8 weeks), and (2) EE at 70
days (4 weeks). An open-field test was carried out and it was
found that animals exposed to EE for 4 and 8 weeks showed
less locomotion in the open field task. The EE group (4 weeks
to 70 days) also showed less locomotion in the open field, how-
ever, it was observed that the prolongation of the effect is pro-
portional to the time of exposure to EE (Amaral et al., 2008).
Thus, although such data contribute — showing that voluntary
physical activity can regulate the levels of BDNF, mRNA, poly-
peptides encoded in the hippocampus and induce cell prolifer-
ation - it is still necessary to understand the functional mech-
anisms induced by BDNE.

Data suggest that BDNF expression in the adult hippocam-
pus is necessary for the survival of exercise-induced precursor
cells, cell proliferation, and dendritic development (William-
son et al., 2012). In this sense, the execution of voluntary
exercises can activate NMDA receptors in the hippocampus,
increasing the expression of BDNF (Huang et al., 2006).

EE favors other perceptual-cognitive and social aspects, in-
cluding the greater opportunity for learning and socialization,

in addition to physical exercise (Kempermann et al., 2010; Ko-
bilo et al., 2011; Olson et al., 2006). Other researchers have
identified that the exposure of rats to EE accelerates the de-
velopment of the visual cortex, as well as modulating hedonic
control, even in animals exposed to EE and stress (Schloesser
et al.,, 2010). The EE can also improve the performance of an-
imals in different aspects of learning and memory tasks in-
volving the operation of the hippocampus (Birch et al., 2013;
Huang et al., 2006; Tanti et al., 2012). EE is also related to the
restructuring of regions of the NS, including the association
between the cortex and the hippocampus. Therefore, EE can
promote cell survival through mechanisms that are involved in
this cortical reorganization (Olson et al., 2006).

A previous study with male Wistar rats, at 90 days of age,
exposed for 3 weeks to EE and weekly exchange of objects,
found that among the four experimental groups (sedentary,
sedentary with EE, exercise with EE, and exercise), the exer-
cise group with EE showed short-term memory. In the exer-
cise group, there was an increase in the expression of the hip-
pocampal BDNF mRNA and in the open field task there was
habituation to the environment in all groups. In addition, im-
munohistochemistry showed a higher number of cells positive
for BrdU with exercise, but not with EA (Bechara and Kelly,
2013).

The increase in locomotor activity in EE is associated with
an increase in the volume of cerebral blood due to increased
blood flow, increased permeability of the blood-brain barrier,
increased angiogenesis, and increased the use of glucose by
neurons (Fabel et al., 2009; Olson et al., 2006). Locomotor ac-
tivity is also accompanied by a substantial increase in hormo-
nal circulation and growth factors. However, in the open field
test to assess the distance covered by the animals exposed to
EE, studies have identified that there was a reduction in the
distance covered, probably due to rapid habituation during
the performance of this task (Amaral et al., 2008; Kobilo et
al., 2011; Zhu et al., 2009), or this test failed to capture these
changes.

Malnutrition, enriched environment, and memory
Nutritional deficiencies resulting from the insufficient intake
of macro and/or micronutrients lead to varying degrees of
malnutrition. This is recognized as a serious global problem,
particularly in underdeveloped countries (Abera et al., 2017).
In relation to the central NS, nutritional deficiency at the be-
ginning of life is more severe, because in this phase the growth
and development of this system are intense, through the
processes of hyperplasia, hypertrophy, and myelination (San-
tos-Monteiro et al., 2002). Thus, this moment is considered a
phase of great vulnerability to various types of aggressions,
including nutritional (Morgane et al., 2002). In contrast,
EE appears to be an alternative to reshape the effects of early
malnutrition in adult memory mechanisms, but few studies
have demonstrated such effects.

A study was carried out using Wistar rats during pregnancy
and lactation. Their mothers were fed a 25% casein diet (con-
trol group) or a 12% casein diet (malnourished group). At 21
days, the animals were removed from their mothers and born
in specific cages or exposed to EE for 1 hour a day (5 times
a week) for 7 weeks. The open-field test was carried out and
the results showed that the animals were malnourished and
housed in standard cages with greater locomotion. A test was
used to observe the animals’ interest in exploring a new envi-
ronment: a small room (25.5 cm by 23 cm) was built adjacent
to the open field and connected by a 12 cm opening. The an-
imals were kept outdoors for 55 minutes. The percentage of
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animals in each group that entered the “new space” was count-
ed and the animals that were precociously malnourished re-
mained longer in the EE (Levitsky and Barnes, 1972).

Another study carried out with male Wistar rats divided
them randomly into 8 groups: N (nourished); N + EE (nutri-
ent + enriched environment); N + RS (nourished + recurrent
crises), N + EE + RS (nourished + enriched environment +
recurrent crises); U (malnourished); U + EE (malnourished +
enriched environment); U + RS (malnourished + recurrent
seizures); U + RS + EE (malnourished + recurrent seizures +
enriched environment). As of the second postnatal day, access
to the diet was limited, causing malnutrition. The deprivation
period was increased by 2 h for 6 consecutive days, from 2 h
to 12 h until the seventh day of life. From the 8th to the 15th
day the deprivation period remained 12 h/day. After the pri-
vation period, the animals were housed with their respective
groups. To induce recurrent seizures generated by treatment,
flurotil (2,2,2-trifluoroethyl -99%) is a volatile seizure agent
that stimulates the CNS quickly. The animals were sacrificed
after 51 days of life, and the results demonstrated that the vol-
ume of the hippocampus was not affected by malnutrition or
seizures. However, exposure to EE increased the volume of the
hippocampus of the rats. The results also show that in animals
that are malnourished and exposed to EE there is an increase
in the thickness of the CA1 region of the hippocampus. These
changes in the morphology of the hippocampus associated
with EE indicate that the rodent’s brain remains plastic in
adulthood (Alvarez et al., 2014).

Furthermore, early protein malnutrition in rats alters anx-
iety and impulsivity, as well as risk assessment behavior in the
elevated plus-maze test (EPM). However, it was shown that EE
can reverse the damage caused by malnutrition because rats
that were submitted to EE showed behaviors similar to those
demonstrated by well-nourished rats in EPM. Rats subjected
to early protein malnutrition also had high levels of stress (in-
creased cortisol). This result suggests that early malnutrition
can alter the activity of the hypothalamic-pituitary-adrenal
axis (HPA) (Soares et al., 2013).

Conclusions

Such evidence from the scientific literature suggests that the
synaptic plasticity mechanisms in the hippocampus of adult
animals are influenced by EE. BDNF acts as a regulatory factor
in the survival and development of dendritic neuronal precur-
sor cells in the hippocampus of adult animals and, more im-
portantly, exercise-induced cell proliferation can be promoted
by increased BDNF expression. Results suggest that environ-
mental factors may directly influence the memory process.
In this way, EE can reverse the effects of malnutrition on the
functioning of the hippocampus in adult rats that suffered a
process of protein malnutrition in the early stages of life. To
our knowledge, there are no studies to date that specifically
correlate the effects of reversal of malnutrition by EE on the
functioning of the hippocampus, so the explanation of how
EE acts preventing or even reversing the deleterious effects of
malnutrition is still open to debate.

Molecular and behavioral studies have shown that when
these animals are submitted to a “rich” environment in stimuli
and/or environmental stimulation sessions during their devel-
opment, there is an increase in the weight and thickness of
cortical and subcortical structures, in the activity of neuronal
enzymes in the number and diameter of the cortical capillar-
ies, and a decrease in cell density compared to animals raised

in “poor” environments. The increase in the number of synap-
tic contacts and dendritic ramifications found in these animals
also shows increased synaptic plasticity.

Thus, studies at molecular, cellular, and behavioral levels
are necessary to investigate whether EE can reverse the effects
of malnutrition on the functioning of the adult hippocampus
in those who were malnourished early. Therefore, an investi-
gation of the mechanisms by which neuroplasticity can facili-
tate the recovery of malnourished patients is essential for the
treatment of these patients to be properly directed.

The adaptive plasticity processes of the NS provide sci-
entific evidence for the implementation of strategies that
facilitate the recovery of small groups that were previously
malnourished and, therefore, for their reintegration in richer
environments than those in which they are inserted.

The fact that different regions of the SN are susceptible
to sensory-motor stimulation will certainly allow specific ap-
proaches to obtain better therapeutic results in the future.
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