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ABSTRACT

Objective: This study verified if the exposure to environmental
enrichment (EE) influences brain excitability, evaluated by
cortical spreading depression (CSD), in rats submitted to status
epilepticus (SE). Methods: At 35 days of age, male Wistar rats
were divided into two experimental groups: pilocarpine (PILO),
which received a single dose of pilocarpine hydrochloride to
induce SE, and saline (SAL), which were the group control.
On the following day, half of the animals in each group were
exposed to EE; while the other half was kept in the standard
environment (S), considered control. At 67 days of age, the rats
were anesthetized and submitted to CSD. Results: Pilocarpine,
isolated, reduced the speed of propagation and increased the
duration and amplitude of CSD. EE, itself, reduced the speed
of propagation and duration, but increased the amplitude of
CSD. In the animals exposed to EE that undergone SE, the
values of CSD parameters became closer to the control group.
Conclusion: Our results indicate that EE reduced the cortical
excitability induced by SE, possibly by promoting antioxidant
effects at the brain level, inducing neurogenesis and/or improving
the excitatory/inhibitory balance of neurotransmitters.
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INTRODUCTION

Environmental enrichment (EE) is a condition
that mimetizes an active lifestyle at the
laboratory level. It refers to living conditions in
larger cages, with the inclusion of inanimate
objects of various textures, sizes and shapes.
This results in increased sensory, cognitive and
motor stimulation, compared to living conditions
in standard cages?. It has been reported that EE
increases brain  plasticity, improves the
metabolism of the nervous system, as well as
cognitive and behavioral parameters®?3. Recent
research from our laboratory has shown that
environmental  enrichment reduces the
propagation of cortical spreading depression
(CSD)~.

Epilepsy is a brain disorder caused by the
permanent predisposition of the brain to
generate spontaneous and recurrent seizures
accompanied by neurobiological, cognitive and
social consequences®. Among the types of
epilepsy, temporal lobe epilepsy (TLE) has great
clinical relevance due to its high incidence and
severity and it's often refractory to current drug
therapy. Thus, unconventional therapeutic
strategies, such as EE, could contribute to
reduce the sequelae of this condition. One of the
experimental ways to induce TLE in rats is
through the pilocarpine model®.

Pilocarpine is an alkaloid extracted from the
plant Pilocarpus jaborandiand and is a potent
muscarinic cholinergic agonist. When
administered systemically in high doses, it's
capable of generating brain changes, both at the
morphological level and at the neurochemical
level, known as status epilepticus (SE); which is
characterized by repeated seizures without
complete recovery of neurological functions or
continuous  behavioral and/or  electrical
seizures®’.

CSD is an electrophysiological phenomenon
that has been implicated in the mechanism of
serious diseases, such as epilepsy, migraine
with aura and cerebral ischemia®®. This
phenomenon was discovered in 1944 by

Aristides Ledo, and is characterized by a marked
reduction (depression) in the amplitude of
spontaneous electrical activity observed in the
electrocorticogram (ECoG), after electrical,
mechanical or chemical stimuli. This depression
propagates (spreads) in a concentric way, from
the stimulated point, with speeds ranging from 2
to 5 mm/min&. It's a reversible phenomenon and
has been recorded in neuronal populations of
several species.

It has been documented that EE has significantly
reduced the number and duration of seizure
episodes in epileptic rats'®. Thus, it is possible
that the EE to restore the excitation/inhibition
balance in the brain. However, until now, there
are no studies that corroborate this. It is believed
that EE is a low-cost, affordable approach that
could benefit the treatment of epilepsies. So, the
objective is to verify whether exposure to
environmental enrichment influences brain
excitability, being assessed based on the
parameters of cortical spreading depression, in
rats that were submitted to status epilepticus.

METHODS

This study was submitted and approved by the
Ethics Committee on the Use of Animals of the
Federal University of Pernambuco (UFPE,
Brazil; process number 23076.002253/2019-58)
and is in accordance with the principles adopted
by the Braziian College of Animal
Experimentation (COBEA) and with international
standards established by the National Institute of
Health Guide for Care and Use of Laboratory
Animals.

Male, young rats, of the lineage Wistar, from the
colony of the bioterium of the Department of
Physiology and Pharmacology of UFPE were
used. The animals were kept in standard
bioterium conditions, in a room at a temperature
of 22 + 2 °C, submitted to an artificial light-dark
cycle of 12/12 hours (the dark beginning at
seventeen hours), with free access to water and
food (commercial diet).

At 35 days of age, two experimental groups were
formed:
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1) Pilocarpine (PILO; n = 13) - the animals
received a single dose of pilocarpine
hydrochloride (200mg/kg, i.p.). In the 30 minutes
prior to the procedure, a dose of methyl
scopolamine bromide (1 mg/kg, i.p.) was
administered to inhibit the peripheral action of
pilocarpine. Two hours after the beginning of the
SE, a dose of diazepam (10 mg/kg, i.p.) was
administered in order to reduce animal mortality.
In the following 10 minutes, the animals received
a simplified Ringer (saline) injection for volume
replacement. In the two to three days after this
procedure, the animals received special care
and had volume replacement with simplified
Ringer's solution when necessary. This SE
induction protocol follows the standards
described in the literature.

2) Saline (SAL; n = 13) - the animals received a
simplified Ringer's solution (saline), a vehicle
solution for pilocarpine. The saline was
administered at a dose of 10 mL/kg, i.p.. These
animals were considered as the control rats of
the pilocarpine group.

The day after the administration of pilocarpine or
saline, at 36 days of age, the animals were
distributed into the following groups:

1) Environmental Enrichment (EE) - the animals
were housed (in groups of 4 animals), daily, for
three hours (start at 7 am), for four weeks, in an
acrylic cage, with dimensions of 100 x 60 x 35
cm. The cage had several objects, such as toys,
wheels, plastic tubes of different diameters and
others. To ensure the presence of a new
component, the configuration of the cages was
changed once a week. That is, the location of
some of the objects that made up the enriched
environment was changed and some of them
were replaced!!.

.2) Standard Environment (S) - the animals were
kept permanently in the standard bioterium
cages, with dimensions of 51 x 35.5 x 18.5 cm.
They constituted the control animals of the EE

group.

At the end, the following experimental groups
were formed: PILO+EE (n = 6); PILO+S (n =7);
SAL+EE (n = 6); SAL+S (n =7).

At 67 days of age, each animal was submitted to
CSD recording for 4 hours. The animals were
anesthetized, intraperitoneally, with a mixture of
10% urethane and 0.4% alpha chloralose, at a
dose of 1000 mg/kg and 40 mg/kg (both from
Sigma Co., USA), respectively. A tracheal
cannula was inserted to facilitate breathing. The
animal's rectal temperature was maintained at
36.5 + 1.05 °C throughout the experiment. The
animal's head was fixed in a stereotactic
apparatus to allow the incision and removal of
the skin and periosteum and the exposure of the
skull. Through trepanation, three holes were
made (anterior, middle and posterior, of
approximately 2 to 4 mm in diameter each),
aligned parallel to the midline at the level of the
right cerebral hemisphere. Two holes were
drilled in the parietal bone to record CSD and the
other in the frontal bone for its deflagration.

In order for CSD to be provoked, a stimulus was
applied (solution of 2% KCI soaked in cotton), for
1 minute, every 20 minutes, to the anterior hole.
The records of slow voltage variation, which
accompanies the phenomenon, were obtained
at the two parietal cortical points (one in each
orifice). Unpolarizable electrodes (type “Ag-
AgCI”) were used, produced in the laboratory
itself, against a common reference electrode
placed on the nasal bones, where the potential
is invariable. Electrodes were connected to a
digital data acquisition system (EMG System,
Sao Paulo, Brazil) coupled to a computer was
used. At the end of the registration session, each
animal, still under deep anesthesia, was
euthanized through a bulbar injury.

Statistical analysis was performed using
ANOVA, as well as the Holm-Sidak post-test,
considering p<0.05 as significant.

RESULTS
Regarding the speed of CSD spread, the

following values were found, expressed as mean
+ SD, for the groups SAL+S, SAL + EE, PILO+S,
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PILO+EE, respectively: 3.57 = 0.62 mm/min,
2.96 £ 0.45 mm/min, 3.03 £ 0.42 mm/min, 3.30
+ 0.55 mm/min. ANOVA showed a statistically
significant difference between the groups (F
[3,313] = 23,847; P <0,001) (Figure 1). The
Holm-Sidak test showed that animals in the
SAL+EE, PILO+S, PILO+EE groups showed a
reduction in CSD speed when compared to the
control group (SAL+S). In addition, the PILO+EE
group showed a slight increase in CSD speed
when compared to the PILO+S group.

Regarding the duration of the cortical spreading
depression, the following values were found,
expressed as mean = SD, for the experimental
groups SAL+S, SAL+EE, PILO+S, PILO+EE,
respectively: 107.18 £ 16, 85 s; 96.39 + 21.14 s;
129.11 + 30.12 s; 93.03 £ 21.15 s (Figure 2).
ANOVA demonstrated a statistically significant
difference between the groups (F [3,431] =
56,408; P <0,001). The Holm-Sidak post-test
demonstrated that the PILO+S group showed an
increase in the duration of CSD, when compared
to the control group. The SAL+EE and PILO+EE
groups demonstrated a reduction in the duration
of CSD, when compared with the SAL+S and
PILO+S groups, respectively. However, there
were no differences between them.

Regarding the CSD amplitude parameter, the
following values were found, expressed as mean
+ SD, for the experimental groups SAL+S,
SAL+EE, PILO+S, PILO+EE, respectively: 5.14
+1.00mV, 6.43+£2.29mV, 7.00+1.64 mV, 5.43
+ 1.77 mV (Figure 3). ANOVA showed
statistically significant difference between the
groups (F [3.404] = 25.712; P <0.001).

DISCUSSION

This study addressed, for the first time, the
influence of the enriched environment in rats
submitted to status epilepticus, using CSD for
this purpose. It's possible to observe that both
environmental enrichment and pilocarpine,
alone, were able to reduce the speed of the
spread of CSD. These findings are corroborated
by the literature*'2%3, However, the causes for
this reduction are distinct.

In fact, it has been shown that as brain
excitability increases, CSD propagation speed
increases. However, this occurs up to a certain
limit, from which additional increases in cortical
excitability hinder the spread of CSD in the
nervous system!*1°. The epilepticus status
induced by pilocarpine markedly increases
cortical excitability'® and causes brain changes®.

Shortly after pilocarpine application, the first
excitotoxic damage caused by this alkaloid can
be observed, at the morphological level, in the
superficial layers of several organs. For
example, the endopiriform nucleus,
hippocampus hilum, claustrum, piriform cortex
and dentate gyrus are affected. Subsequently,
the damage is intensified in these areas and
spreads to other regions, such as tonsillar nuclei,
subiculum, bed of the terminal striated nucleus,
entorhinal cortex and ventromedial nucleus of
the hypothalamus. This insult can continue to
cause damage for weeks and even months,
reaching other areas of the brain, such as the
thalamus®6-16,

At the neurochemical level, it is reported that the
pilocarpine-induced events are capable of
generating changes in the ionic gradient across
the membrane, changes in the expression of
genes for trophic factors, receptors, enzymes
and proteins of the cytoskeleton and the
extracellular matrixé. These authors also
mention that the hippocampus of rats submitted
to the pilocarpine model shows a reduction in the
rate of use of dopamine and an increase in the
rate of use of norepinephrine, as well an
increase in the glutamate release.

Glutamate activates  N-methyl-D-aspartate
(NMDA) receptors. When activated, NMDA
receptors increase intracellular concentrations
of Ca?* and this activates proteases, nucleases
and lipases that cause the cell to undergo
necrosis and / or apoptosis®. Additionally,
pilocarpine induces an increase in the
production of reactive oxygen species,
contributing to neurodegenerationt’. All of the
cellular damage described above seems to be
related to impairments in the spread of CSD.
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Environmental enrichment, in turn, also has a
major influence on brain  morphology,
neurochemistry and physiology*°. However, in
contrast to the TLE model with pilocarpine, EE is
capable of generating beneficial actions at the
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Figure 1 - CSD propagation speed, expressed in
mm/min, between the different experimental groups.
The data are expressed as mean + SD. The distinct
symbols represent statistically significant differences. *
p <0.05 in relation to the PILO+S group.
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brain level, especially in areas of the
hippocampus!®. An increase in dendritic
ramifications of some neuronal populations and
neurogenesis in the dentate gyrus and in other
areas of the hippocampus is reported®°,
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Figure 2 - Duration of CSD, expressed in seconds,
between the different experimental groups studied. The
data are arranged in mean = SD. The distinct signs
indicate statistically significant differences. * p <0.05 in
relation to the SAL+S group. #p <0.05 in relation to the
PILO+S group
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Figure 3 - Amplitude of CSD, expressed in mV, between the
different experimental groups. The data are arranged in
mean = SD. The distinct signs indicate statistically significant
differences. * p <0.05 in relation to the SAL+S group. # p
<0.05 in relation to the SAL+EE and PILO+S groups.

In addition to these changes, EE also causes an
increase in the expression of neurotrophins,
such as vascular endothelial growth factor
(VEGF), brain-derived neurotrophic factor
(BDNF) and nervous growth factor (NGF). It also

causes changes in the expression of synaptic
proteins and NMDA and AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionic  acid)
receptors, which are linked to glutamatergic
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signaling, indicating an increase in synaptic
plasticity and strength synaptic?.

In relation to oxidative processes, it is described
that EE is able to attenuate oxidative stress and
strengthen antioxidant protection
mechanisms!®2°, Another mechanism reported
in the literature suggests that EE stimulates the
serotonergic system and an increase in brain
serotonin levels is related to a reduction in the
speed of the spread of CSD??.

Additionally, the EE is linked to the promotion of
physical activity, since the cages are larger,
there is the presence of ramps, tunnels and
objects that can be moved; that is, the EE
stimulates physical practice4. Evidence shows
that physical exercise considerably improves
brain function?!. Exercise promotes an increase
in late hippocampal neurogenesis, synaptic
plasticity and improves cerebral vascularity?!. In
addition, it favors the release of neurotrophins
and the balance of neurotransmitter levels?2. All
of these beneficial brain changes reduce cortical
excitability and consequently the rate of CSD
spread.

In the present work, it is possible to observe that
the speed of CSD spread in the PILO+EE group
was statistically lower than in the control group
(SAL+S), however higher than in the PILO+S
group, that is, the EE was able to reduce brain
excitability caused by status epilepticus,
probably due to the addition of the mechanisms
described previously, however, it was not
enough to reach the SAL+S group. .

Regarding the duration parameter of the
electrophysiological phenomenon, it was
possible to observe an increase in the duration
of CSD in the PILO+S group compared to the
control group (SAL+S). Data have shown that
this is related to an increase in the formation of
free radicals, induced by pilocarpine'’, and to a
higher difficulty in metabolic recovery?.

On the other hand, both groups submitted to EE
showed reduced duration of CSD when
compared to their controls in a standard
environment. Moreover, when submitted to EE,

the pilocarpine group did not differ from the
saline group. This once again indicates that
environmental enrichment had a neuroprotective
effect, attenuating the damage caused by
oxidative stress?°, which is normally induced by
pilocarpine!’. These results reinforce the
hypothesis that EE improves the metabolic
response of the cerebral cortex during CSD.

Concerning the amplitude, the pilocarpine group
maintained in a standard environment showed
the greatest amplitude when compared to the
control group (SAL+S). This strengthens the
previous findings of this study that show that
pilocarpine increases cortical excitability®®.
Surprisingly, an increase in the amplitude of
CSD was observed in animals submitted to EE
(SAL+EE). Further studies are needed to
confirm this phenomenon, which was not
observed by another study4. In contrast, EE
reduced the amplitude of the pilocarpine group,
making it statistically similar to the control group
(SAL+S). This reinforces our findings of CSD
propagation speed that the EE is able to improve
the neural circuitry and decrease the
hyperexcitability caused by pilocarpine.

CONCLUSION

Environmental enrichment reduced the cortical
excitability caused by pilocarpine-induced status
epilepticus. This fact is believed to be related to
the ability of EE to promote antioxidant effects at
the brain level, induce neurogenesis and
improve the brain's excitatory/inhibitory balance
related to glutamate and serotonin.

The topic addressed in this study is of great
relevance, as it proposes that the improvement,
even at low cost, of environmental conditions
can favor the treatment of epilepsies, such as
temporal lobe epilepsy. Additionally, this study
motivates future investigations, in which further
enrichment of the environment could be
analyzed. For example, olfactory stimulation
could be added. It is possible that an
environment with more stimuli promotes an even
greater reduction in cortical excitability, which is
exacerbated in epilepsies.
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