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Abstract

in of the CA1 region of the hippocampus.

neuroinflammatory process in the hippocampus.

Background: The preventive role of muscular strength on diminishing neuroinflammation is yet unknown. In this
study, the role of the prophylactic muscular strength exercise was investigated in order to verify whether it would
diminish cognitive alterations and modify the antioxidant intracellular scenery in an animal neuroinflammatory model

Methods: The animals received muscular strength training (SE) three times a week for eight weeks. Subsequently, the
stereotaxic surgery was performed with an intra-hippocampal infusion of either saline solution (SAL) or lipopolysac-
charide (LPS). Next, we performed the behavioral tests: object recognition and social recognition. Then, the animals
were euthanized, and their hippocampus and prefrontal cortex were collected. In another moment, we performed
the dosage of the antioxidant activity and histological analysis.

Results: The results showed that the muscular strength exercises could show a beneficial prophylactic effect in

the cognitive deficiencies caused by acute neuroinflammation. Regarding oxidative stress, there was an increase in
catalase enzyme activity (CAT) in the group (SE+ LPS) compared to the control groups (p < 0.05). As for the cognitive
alterations, there were found in the (SE 4 LPS) group, diminishing the mnemonic hazard of the discriminative and
social memories compared to the control groups (p < 0.05).

Conclusion: We concluded, therefore, that the exercise performed prophylactically presents a protective effect
capable of minimizing such mnemonic deficits and increasing catalase enzyme activity in rats that suffered a local
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Introduction

Neuroinflammation is a complex process that consists
of the answer of specialized immune cells in the cen-
tral nervous system (CNS) in response to a stimulus
that affects the basal activity of this tissue [1]. However,
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because the brain has been considered an immune-priv-
ileged organ since peripheral immune cells are unable to
cross the blood—brain barriers (BBB), limiting the neuro-
inflammatory response to the CNS, the interaction with
the peripheral immune system is little known [1-3].
Microglia cells have been considered the immune
cells on the CNS and express pro and anti-inflammatory
factors, promoting brain homeostasis [3]. In its basal
physiological activity, microglia express an anti-inflam-
matory phenotype, and their ramifications go through
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continuous extension cycles to monitor the environment
(2, 4].

However, when detecting a pathological stimulation,
such as infections, mechanical trauma, poorly folded
proteins, and ischemia [4], microglia quickly modifies
its morphology, expressing a reactive phenotype with
pro-inflammatory effects, synthesizing and secreting
cytokines, such as TNF-a and IL-1f [5], activating nitric
oxide synthesis -2 enzyme, cyclooxygenase 2 (COX2)
and C-C chemokine ligand 2 (CCL2), which in turn pro-
motes the elevation of the reactive oxygen species (ROS)
production [6], aiming to eliminate the aggressive stimu-
lation and repair the tissue damage [1, 7].

It is known that the neuroinflammatory process is a
needed mechanism and important resolution of aggres-
sor factors to the SNC [3]. However, when harmful
outside (environmental) and/or internal persistent stim-
ulation are recognized by the microglia [8], a system of
positive retro-feeding is sustained, over-elevating the
production of pro-inflammatory factors, which promotes
cell death and atrophy of local neural synapses, inducing
symptoms such as cognitive decline, movement altera-
tions and memory loss [4].

The constant activation of the microglia, the increase
of the oxidative stress, the reduction of the neurotrophic
support, the alteration of the metabolism of neurotrans-
mitters, and the rupture of the brain-blood barrier are
described in the literature as mechanisms underlying
neuropsychiatric disorders, including Alzheimer’s dis-
ease [6, 9], Parkinson disease and depression [5].

It is foreseen that neuroinflammatory/neurodegen-
erative diseases will be the biggest health concern of this
century and the second main cause of death by 2050 [10].
From this perspective, several studies are performed to
develop therapeutic and preventive strategies that may
mold the neuroinflammatory process. The practice of
physical exercise, a non-pharmacological action, has
shown to be promising in the search to reach such goals
[11], and has been proposed as an antioxidant and natural
anti-inflammatory strategy, which stimulates the increase
of hippocampal neuroplasticity [3, 12], hippocampal neu-
rogenesis and cell proliferation [13], as well as it increases
the synthesis of growth factors such as the brain-derived
neurotrophic factor (BDNF) [14, 15], insulin-like growth
factor 1 (IGF-1) [16] and the production of enzymatic
and non-enzymatic antioxidants [3].

All such benefits have a direct action on the symp-
tomatology of patients with neuroinflammatory diseases,
diminishing the cognitive decline, especially memory
loss [3, 11]. However, most relevant studies are focused
on the benefits of aerobic exercises. Few studies approach
the influence of muscular strength training, especially
when practiced prophylactically, to prevent a possible
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progression of neuroinflammation, how such effects are
modulated, and what the best strategy of physical train-
ing, is regarding intensity, training, and recovery period.

In this context, we investigated the hypothesis about
the neuroprotective effect of muscular strength train-
ing, practiced prophylactically, in a neuroinflammation-
induced by lipopolysaccharide (LPS) in rodents. For such,
we analyzed the discriminative, aversive, and social mem-
ory, histopathological features, and the activity of antioxi-
dant enzymes in the hippocampus and in the prefrontal
cortex of rats which were submitted to the hippocampus
intra-CA1 infusion of LPS after eight weeks of physical
training.

Methods

Animals and experimental design

Male Wistar rats of approximately two months old and
weight of 250 — 350 g were used. The animals were con-
ditioned in controlled room temperature at 22 °C with
light/dark cycles of 12 h and kept in appropriate boxes
with capacity for 5 animals, covered with shaving, which
was switched every two days. They received water and
food ad libitum. The maximum concern was deliberated
with the purpose of minimizing the suffering of the ani-
mals and reducing the number of animals to be used in
the research.

The animals were divided into six groups (n=10) and
were divided into control groups: group naive, group
submitted to the intra-hippocampal infusion of saline,
group submitted to the hippocampus infusion of LPS;
and groups which practiced muscular strength exercises:
a group which performed only muscular strength exer-
cises (CT), a group which performed muscular strength
exercises and was submitted to the infra-hippocampal
infusion of saline (exercise 4 saline) (n=10), and a group
that performed muscular strength exercise and was sub-
mitted to the intra-hippocampal infusion of LPS (exer-
cise +LPS) (n=10).

The animals were submitted to eight weeks of train-
ing three times a week. After the final day of training,
all animals performed the muscular strength testing by
gripping through the Grip Strength equipment. Then, the
surgery was performed to induce acute neuroinflamma-
tion through LPS, which was infused in the CA1 region
of the hippocampus. The post-operative period was five
days, followed by the behavioral tests in the following
sequence: open field, object recognition, social recogni-
tion, plus maze and hot plate. At last, the animals were
euthanized. Then, the heart of each animal was removed
to access its mass, whereas the hippocampus, and the
prefrontal cortex were removed to analyze the activity of
antioxidant enzymes. As per the Additional file 2: Figure
S1.
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Ethics approval

All the experiments were according to the rules of
the Ethics Committee in the Use of Animals—Fed-
eral University of Pampa (CEUA/UNIPAMPA) (report
#046/2017). the study is reported in accordance with
ARRIVE guidelines.

Strength exercise protocol

Muscular strength training was performed using a
personalized vertical scale made of wood and iron
(1.1 x0.18 m, 2 cm grip, an inclination of 80°) with a
wooden box (20 x 20 x 20 cm) put in the upper part of
the stairs. Initially, the animals were familiarized with the
exercise, performing four climbing attempts per day for
three days. Once they were able to climb to the wooden
box, they could rest inside the wooden box for 120 s. The
strength training started a week after the familiarization.
In the first week, the load corresponding to 50% of the
rat’s body mass was fixed at the base of the animal’s tail.
In the second week of training, the maximum load test
was performed to determine a load of exercise for each
animal individually. It was added 30 g to each repeti-
tion of the next climb until the rat was not able to finish
the exercise. The heavier load transported successfully
was considered the maximum load. The maximum load
was determined on the first day of each week of train-
ing. The training sessions consisted of eight climbs in
the stairs with two repetitions for each load of 50%, 75%,
90%, and 100% of the individual result of the maximum
load, resulting in 8 climbs with a rest interval of 1 min
between the repetitions, with three training sessions per
week (one day for the maximum load and two days for
the training sessions), during eight weeks [17].

Grip strength meter

After the final day of training, all animals performed the
muscular strength test by gripping through Grip Strength
equipment. The grip gauge was positioned horizontally
facing the equipment. The animals were put in the metal
grid and, next, were pulled backward in the horizontal
plane by the tail. The forces applied to the grid through
the animal’s legs were measured in grams. Immediately
before losing the adherence, the maximum tension was
recorded. Three tests were performed, and as a result, a
mean value was obtained [18].

LPS administration

The animals were submitted to stereotaxic surgery.
Subsequently, the intra-hippocampal bilateral admin-
istration (CA1 region) administration of vehicle (saline
solution) or LPS (from Escherichia coli 055:B5; Sigma)
dissolved in PBS in the concentration of 10 mg/ml and
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administrated in the dose of 40 pg/side, through the
infusion of 4 pL/side during 10 min. The stereotaxic sur-
gery coordinates were adapted from the Paxinos & Wat-
son Anatomic Atlas, being as follows: antero-posterior
(AP)= — 4.2 mm; mid-lateral (MD)= #+3.0 mm; dor-
sum-ventral (DV)= — 3.0 mm; lateral tilting (LT)=0°
starting from the Bregma point. The LPS infusion was
performed using a Hamilton (5 pl) syringe. The proce-
dures were performed with previously anesthetized ani-
mals with 75 mg/kg of ketamine and 10 mg/kg of xylazine
through the intra-peritoneal route. After the surgery, the
rats were put in housing boxes under smooth heating to
avoid hypothermia.

Object recognition memory test
From the first to the fourth day of the experiment of
such task, regarding the habituation period, the ani-
mal was put in the left superior corners of the device,
a 50 cm x50 cm x 50 ¢cm box, made of compensated,
acrylic transparent polyvinyl chloride, and then left it
there for 5 min, without a single object inside the box, so
that the animal could get used to the environment.
During the training session, one day after the last day
of the habituation day, the animal was once again put in
the box with two equal objects, A and B, located right at
the center of the box. The animal was left there for 5 min
to explore the environment freely. The exploration time
of each object was clocked for posterior evaluation. After
3 h, the short-term memory was tested. The animal was
replaced in the box with object A and object C (replac-
ing the previous object B) in 5 min for free exploration.
The long-term memory duration was tested 24 h after the
previous test, in which the animal was once again placed
inside the box, with objects A and D (different from
objects A, B, and C), and the animal had 5 min for free
exploration [19].

Social recognition memory test

This task is an adaptation of the social interaction test
proposed by Kaidanovich-Beilin et al, [20]. The task
was performed in 3 days. First, the animals were placed
in a habituation field (the same size and characteristics
described in the previously described object recognition
task) with two small cages for 20 min for free exploration.
On the following day, the training was performed with a
juvenile rat in one of the cages for one hour of free explo-
ration. At the same time, one cage was left empty. After
24 h, the test was performed when the same rat of the
training (that is, the rat that became familiar) and a new
rat were put for exploration for 5 min. The time exploring
the new rat and the familiar rat was registered. Exploring
the animal was defined as smelling or touching the cages
with the nose or front legs [21].
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Open-field test

To evaluate the locomotor ability of the animals, they
were put for 5 min in the open-field arena. The appa-
ratus has the same size and characteristics previously
described in the object recognition task. The experiments
were held in a low sound room under low-intensity light-
ing. Each rat was placed in the center of the open field
and the number of squares crossed and rearing were reg-
istered [22].

Elevated plus-maze

To evaluate the state of anxiety of the animals, they were
put in an elevated crossway maze (ECM), and the num-
ber of entries and the time spent in the open and close
arms were registered during a 5-min session [23].

Hot plate

To evaluate the nociceptive response and the sensitivity
of the animal’s legs, each of them was placed in a device
with a warm metal sheet of paper (55+0,5 °C) and the
time until the animal showed reaction to the thermal
stimulation by raising or licking one’s leg was determined
[24].

Euthanasia

The animals were sacrificed by physical method, through
decapitation by guillotine. The entire procedure was
based on the guidelines written by the national council
for control of animal experimentation (CONCEA), which
aims to establish procedures that evoke minor pain and
suffering to the animal.

Heart mass

After all the behavioral tasks, the animals were eutha-
nized, and then the collection of the hippocampus, pre-
frontal cortex, and heart mass were performed. For the
heat mass collection, the open chest procedure was per-
formed, and blood was drawn by cardiac puncture, fol-
lowed by the removal of the heart. After such removal,
the heart was washed with saline solution (0.9%) to
remove the excess blood. The heart mass was immedi-
ately weighed using an analytic scale. The cardiac hyper-
trophy index was calculated by the reason between heart
mass (mg) and body mass (g).

Histological analysis

After euthanasia, the hippocampus was removed and
then fixed in 10% formaldehyde, dehydrated, and embed-
ded in paraffin. Then, Sects. (5 mm) were stained with
hematoxylin and eosin (H&E) and analyzed under a
microscope. The physical dissection method was used
for quantitative analysis of dark neurons recognized by
hyper basophilia density and morphological features [25,
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26]. All dark neurons present in 400 x 400 pm squares
were quantified using Image]® software version 1.52c
(National Institutes of Health, Bethesda, MD, USA) and
visually confirmed using an optical microscope (L3000B,
Labor Import®, 400 x magnification). For each rat, three
squares were analyzed for the CAl and dentate gyrus
(DG) regions and two squares for the CA3 region. The
mean of these values was used as the final value in dark
neurons/mm?.

Preparation of the homogenate and protein analysis
Tissue samples of the hippocampus and prefrontal cortex
were weighed and homogenized with 200 mM phosphate
buffer. This homogenate was used for the quantifica-
tion of the reduced glutathione (GSH) and lipoperoxides
(LOOH) amounts. Further, the homogenate obtained
was centrifuged at 10,000 rpm for 20 min. The precipi-
tate was used to the determination of myeloperoxidase
enzymes (MPO), whereas the supernatant was used to
verify the dismutase superoxide (SOD), catalase (CAT)
and S-transferase glutathione (GST) activities.

The protein concentration was measured with a spec-
trophotometer at 590 nm using Bradford reagent, and
bovine albumin (0.012 — 0.100 mg/mL) was used for the
standard curve.

Determination of MPO activity

The obtained precipitate (according to the previous
description) was re-suspended with 500 pL of 80 mM
potassium phosphate buffer with 0.5% of hexadecyltri-
methylammonium bromide. After the homogenization,
the samples were once again centrifuged at 12,000 rpm,
20 min at 4 °C of temperature in a high-speed refriger-
ated microcentrifuge. Aliquots of 60 ul of the supernatant
of each sample was added to 200 pL of a reactional solu-
tion (100 uL of 80 mM phosphate buffer, 85 pL of 22 mM
phosphate buffer, and 15 pL of 0.017% H202) in triplicate
using a 96-well plate. The reaction was started with the
addition of 20 ul of tetramethylbenzidine and incubated
for 3 min at 37°C. After, the reaction was interrupted by
adding 30 pL of 1,46 M sodium acetate (pH=3.0) in each
well. The absorbance was read at 620 nm, and the results
were expressed as units of optical density (OD)/mg of
protein, according to Bradley et al. [27].

Quantification of the GSH and LOOH levels

As described previously [28, 29], 50 pl of the homogen-
ate was added to 40 pL of 12,5% of trichloroacetic. Next,
the material was centrifuged at 9000 rpm during 15 min.
After the centrifuge, 20 pL of the supernatant was added
to 270 pL of TRIS buffer (pH 8.9) and 10 uL of 5,5"-dithio-
bis-[2-nitrobenzoic acid (DTNB). The absorbance was
measured after 5 min at 415 nm, and the obtained values
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were interpolated in a standard deviation curve of GSH
(1.25-10.00 pg/mL) and expressed as pg/g of tissue.

Determination of SOD, CAT, and GST activities

The obtained supernatant (according to the previous
description were used to verify the SOD activity, and it
was based on the capacity of the SOD in inhibiting the
auto-oxidation of the pyrogallol. In a conic tube, the fol-
lowing were added: 442,5 pL of Tris -EDTA buffer and
20 pL of the sample. After agitation, 25 pLof 1 mM pyro-
gallol was added and incubated. Then, they were centri-
fuged, and 300 pL of the supernatant was pipetted in a
microplate for the reading in the spectrophotometer
at 205 nm. The results were compared with the control
group being such value equal to 100%. The amount of
protein that inhibits the reaction in 50% (IC 50) equals
one unit (U) of SOD. The results were expressed in U of
SOD/mg of protein [30].

The supernatant was also used to verify the participa-
tion of the catalase enzyme (CAT). In a 96-well micro-
plate 10 pL of the sample was placed, added to 290 go of
the reaction broth (5 mM Tris/EDTA buffer, pH 8.0, plus
30% H202 and ultra-pure water) [31]. After, the decrease
in the absorbance was monitored at 240 nm. The results
were expressed in umol of H,O, consumed/min/g of
tissue.

The supernatant was used to verify the activity of the
glutathione S-transferase enzyme. In this assay, 50 pL of
the supernatant and 250 pL of the reaction broth (0,1 M
phosphate buffer, 3 mM 1-Chloro-2,4-dinitrobenzene
and 3 mM GSH) were added in a 96-well microplate.
Then, the increase in the absorbance was monitored at
340 nm, and the results were expressed in pmol/min/mg
of protein [32].

Data analysis

The latency and the time percentage of the behavio-
ral experiments and the mean numbers obtained in the
biochemical experiments were compared between the
different groups through the parametric Student test
(two groups) or ANOVA (more than two groups) with
the post-hoc Newman-Keuls test for multiple compari-
sons, or Dunnett’s test for the comparisons with the con-
trol group. P values<0.05 were considered statistically
significant.

Results

Data from the bodyweight were expressed in grams.
All animals gained weight throughout the experi-
ment. However, there was no significant difference
regarding weight gain among the different groups:
CT (442.7+20.43), saline+exercise (419.8+16.47),
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LPS +exercise (378.7+14.90), Naive (445.4+14.88),
saline (429.4 4 11.37) and LPS (425.7 +14.70) (p>0.05).

The animals submitted to the strength exercise pro-
tocol performed the maximum load test once a week,
during all the muscular strength training protocols, to
evaluate the animal’s maximum muscular strength and
next prescribe the maximum load that the animal would
use during the exercise.

The prophylactic intervention with exercise resulted
in progressive muscular strength increase in the ani-
mals trained for eight weeks. However, it was not veri-
fied significant difference among the trained groups that
received LPS/saline or the control group (CT) (Addi-
tional file 2: Figure S2).

Grip strength testing
After the final day of muscular strength training, the ani-
mals were submitted to the grip strength testing through
the equipment Grip Strength Meter. The results of the
outcome of the test for all the groups are shown in Fig. 1.
The rats were submitted to eight weeks of strength
exercise training protocol. As followed, they received an
intra-CA1 dorsal bilateral infusion of either saline (SAL)
or LPS (40 pg/side). Groups NAIVE and control (CT)
were not submitted to the procedure of intra-CA1l infu-
sion. One day after the final day of training, the animals
were submitted to the grip strength test (g) through the
equipment Grip Strength Meter. Analysis of variance
two-way ANOVA (Fg 53=11.92) followed by New-
man-Keuls multiple comparison test, aa P<0.01; aaa
P<0.001; aaaa P<0.0001, when compared with the group
NAIVE. bb P<0.01; bbb P<0.001; bbbb P<0.0001 when
compared with the SAL group, when not submitted to
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Fig. 1 Eight weeks of strength exercise previously to the infusion
of intra-CA1 dorsal bilateral infusion of LPS (40 ug/side) induced an
increase in the grip strength
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exercise. ccc P<0.001; cccc P<0.0001 when compared to
the LPS group, when not submitted to exercise.

As expected, the prophylactic intervention with exer-
cise resulted in grip strength increase in the trained ani-
mals, demonstrating that the proposed training protocol
in the present study was efficient, significantly increasing
the muscular strength of the trained animals compared
to the animals which were not trained.

Open field test

During the habituation phase, the animals had their loco-
motor and exploratory capacity analyzed in the open
field task, which preceded that object recognition task.
The performance results in such a task for all the groups
are shown in Additional file 2: Figure S3.

There were no significant differences among the groups
throughout the days in the analyzed parameters analyzed
in the open field task. Therefore, neither the resistance
exercise nor the neuroinflammation induced by the LPS
in the CA1 hippocampus region was able to alter the
locomotor and exploratory activity of rats in the open
field task regarding the control group.

Object Recognition Test

The animals had their short and long-term discriminative
memory analyzed in the object recognition task. The per-
formance results in such a task are shown in Fig. 2.

The rats were submitted to the strength exercise train-
ing protocol for eight weeks. As followed, they received
an intra-CA1l dorsal bilateral infusion of either saline
(SAL) or LPS (40 pg/side). After five days of post-opera-
tive recovery, these rats were submitted to several behav-
ioral tasks, including the object recognition task. (A) The
test was performed 3 h after the training session with
the objects A and B. (B) The second test was performed
24 h later. Data are expressed as mean numbers (+EM)
from the exploration percentage of each of the objects
presented regarding the total time of the exploration of
the objects. * p<0.05 vs. Theoretical percentage of 50% in
Student’s t-test. (n="7-10 per group).

As expected, the locally provoked neuroinflammation
in the CA1 hippocampus region harmed the rats’ capac-
ity to form and retain discriminative short and long-term
duration regarding object recognition task. The prophy-
lactic intervention with strength exercise resulted in a
protective effect, which was verified both in the retention
of the short-term and recent long-term discriminative
memory. Therefore, in this cognitive task, the strength
exercise has been shown to have a potential prophylac-
tic mnemonic neuroprotective effect in the face of a local
neuroinflammatory effect.
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Fig. 2 Eight weeks of strength exercise previous to the intra-CA1
dorsal bilateral infusion of LPS (40 ug/side) improves the performance
of rats in the retention of the short-term (STM) or recent long-term
discriminative memory (LTM) relative to the object recognition task

Social recognition test

The animals had their retention capacity of short and
long duration of social memory analyzed in the social
recognition task. The performance results in such a task
for all the groups are shown in Fig. 3.

The rats were submitted to eight weeks of training in
the strength exercise protocol. As followed, they received
an intra-CA1l dorsal infusion of either saline (SAL) or
LPS (40 pg/side). The groups NAIVE and control (CT)
were not submitted to the intra-CAI infusion procedure.
After five days of post-operative recovery, these rats were
submitted to several behavioral tasks, including the social
recognition task. Test performed 24 h after the training
session. Data are expressed as mean numbers (+EM)
from the percentage of the exploration of each of the
juvenile rats regarding the total time of exploration of
such rats. * p<0.05 vs. Theoretical percentage in 50% in
Student t-test. (n="7-10 per group).
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As expected, the locally provoked neuroinflammation
in the CA1 hippocampus region harmed the capacity of
the rats to form and retain short and long-term social
memory related to the social recognition task. The pro-
phylactic intervention with strength exercise resulted in
a verified protective effect on the recent long-term social
memory retention. Therefore, in this cognitive task, the
strength exercise has shown to have prophylactic neuro-
protective potential in the face of an acute neuroinflam-
matory context.

Plus maze test
The animals had their level of anxiety analyzed in the ele-
vated plus-maze. The performance results in such a task
for all groups are shown in Additional file 2: Figure S4.
There were no significant differences among the groups
in the analyzed parameters in the elevated plus-maze
task. Therefore, neither the strength exercise nor the
neuroinflammation induced by the LPS in the CA1 hip-
pocampus region could alter the level of anxiety in the
rats in such task regarding the control groups.

Hot plate test
The animals had their nociception analyzed in the hot
plate task. The performance results in such a task for all
the groups are shown in Additional file 2: Figure S5.
There was no significant statistical difference among
the groups regarding the reaction time to the thermal
stimulation by removing and licking the legs. Therefore,
neither the strength exercise nor the induced neuroin-
flammation by the LPS in the CA1 hippocampus region
could alter the nociception of the rats in this task regard-
ing the control groups.

Strenght exercise
Fig. 4 Eight weeks of strength exercise previously to the intra-CA1
dorsal bilateral infusion of (40 pg/side) induces physiological cardiac
hypertrophy caused by muscular training

Heart mass

Figure 4 presents the data referring to the heart mass,
presented as the reason between the mass of the heart
by body mass of the animal, index which determines the
occurrence of cardiac hypertrophy. The heart mass/body
mass from the group CT, SAL + exercise, and LPS + exer-
cise was significantly higher than the respective groups
NAIVE, SAL without exercise, and LPS without exercise.

The rats were submitted to eight weeks of training in
the strength exercise protocol. As followed, they received
the intra-CA1 dorsal bilateral infusion of saline (SAL) or
LPS (40 pg/side). The groups NAIVE and control (CT)
were not submitted to the intra-CA1 infusion procedure.
After being euthanized, the animals’ heart was removed
and then weighted. The body mass corrected the heart
mass. The following formula was used for such cor-
rection: (Total weight of the heart/body weight) x 100.
One-way ANOVA (F 5 55 =6.282), followed by Newman-
Keuls multiple comparison tests, a P<0.05 when com-
pared to the group NAIVE. bb P<0.01 when compared to
the group SAL not exercised. ¢ P<0.05, when compared
to the group, LPS not exercised.

The prophylactic intervention of muscular strength
exercise induced physiological hypertrophy, compensa-
tory/adaptation needed to maintain a cardiac perfor-
mance in the increased condition of circulatory overload
during the animals’ training. It is known that intensive
and long-lasting physical training induces cardiovascular
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adaptations, including cardiac hypertrophy, which allows
the heart an exceptional physical performance. We
noticed, in this study, a statistical difference in the heart
mass of the animals which trained, when compared to
the ones that did not train, which shows that the heart
of the trained animals became adapted to the muscular
strength training, showing that the proposed training
protocol in the present study was efficient.

Dark cell count

The rats were subjected to eight weeks of training in the
strength exercise protocol. They subsequently received
a bilateral intra-CA1 dorsal infusion of saline (SAL) or
LPS (40 pg/side). After euthanasia, the hippocampus
was removed and then fixed in 10% formaldehyde, dehy-
drated, and paraffin embedded. Then, Sects. (5 mm) were
stained with hematoxylin and eosin (H&E). All dark neu-
rons present in 400 x 400 um squares were quantified
using ImageJ® software version 1.52c (National Institutes
of Health, Bethesda, MD, USA) and visually confirmed
using an optical microscope (L3000B, Labor Import®,
400 x magnification). One-way ANOVA (F 3 ;;)=4.591),
followed by Holm-Sidak post-test, aa P <0.01.

Figure 5 shows the prophylactic muscle strength exer-
cise intervention did not influence per se the dark cell
count recognized by hyperbasophilia density and mor-
phological features (characteristics of a degenerating neu-
ron) in CA1, CA3 and DG regions. We observed that the
non-exercised group that received an intra-hippocampal
infusion of LPS showed a higher number of dark neu-
rons in the CAl region when compared to the group
that received an intra-hippocampal infusion of saline,
but this increase between these groups (higher number
of dark neurons in the group infused intra-CAl with
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LPS than with SAL) did not occur in the exercised rats.
We also observed a tendency for this statistical differ-
ence between the non-exercised rats that received either
intra-CA1 or saline or LPS infusion in the CA3 region,
probably as a matter of proximity. We found no static dif-
ference between the groups in the DG region, possibly
because of the distances between the CA1l region (which
received the LPS infusion) and DG, so LPS did not sig-
nificantly affect this region. The histological images are in
the Additional file 2: Figure Sé6.

Effect of strength exercise on the expression of GSH levels
and the activity of MPO, SOD, CAT and GST enzymes

in the CA1 region of hippocampus from rats after infusion
of LPS in the CA1 region of the hippocampus

Figure 6A shows that the hippocampus concentration
of GSH in animals that were submitted to the strength
exercise was smaller than in the group that received
LPS intra-hippocampal infusion when compared to the
group that received only LPS intra-hippocampal infu-
sion (p<0.05) but was not previously submitted to the
strength exercise. In its turn, Fig. 6D shows that the
animals that performed strength exercise prophylacti-
cally and were submitted to the intra-hippocampal infu-
sion of LPS have presented higher activity of the enzyme
CAT in the hippocampus when compared to the group
which practiced exercise and received intra-hippocampal
infusion of saline, to the group that practiced only exer-
cise and the sedentary group that received either LPS or
saline (p<0.001). The other enzymes, MPO, SOD and
GST (Fig. 6B, C, and E, respectively) did not have their
activities altered either by prophylactic strength exercise
or by LPS intra-hippocampal infusion.
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The rats were submitted to eight weeks of training in
the strength exercise protocol. As followed, they received
an intra-CAl dorsal bilateral infusion of either saline
(SAL) or LPS (40 pg/side). The groups NAIVE and CT
were not submitted to the intra-CAl infusion proce-
dure. After five days of post-operative recovery, such rats
were submitted to several behavioral tasks, followed by
euthanasia. Then the removal of the hippocampus was
performed. Results expressed in mean numbers+ EPM.
(n="7-10 per group). ¢ P<0.05, cc P<0.01 compared to
the non-exercised LPS group; fff P<0.001, ffff P <0.0001
when compared to the exercised LPS group. Statisti-
cal analysis was performed by one-way ANOVA (A: F5
27)=23.910; D: F(5 ,;)=10.55), followed by Newman-Keuls
multiple comparison test.

Effect of strength exercise on the expression of MPO E

GSH and CAT, SOD, and GST enzymes in the prefrontal
cortex of rats after infusion of LPS in the CA1 region

of the hippocampus

As shown in Fig. 7, only the activity of CAT was dimin-
ished in animals that practiced strength exercise without
the induction of intra-CA1 hippocampal neuroinflamma-
tion when compared to the group NAIVE (p<0.05) and
the group LPS exercised (p <0.05).

The rats were submitted to eight weeks of strength
exercise training protocol. As followed, they received an
intra-CA1 dorsal bilateral infusion of either saline (SAL)
or LPS (40 pg/side). The groups NAIVE and CT were not
submitted to the intra-CA1 infusion procedure. After five
days of post-operative recovery, such rats were submit-
ted to several behavioral tasks, followed by euthanasia.
Then the removal of the prefrontal cortex was performed.
Panel (A-E) showing the concentration of GSH (A) and
the activity of the enzymes MPO (B), SOD (C), CAT (D)
and GST (E). Results expressed as mean numbers = EPM.
(n="7-10 per group). Figure 7 (D): a P<0.05 when com-
pared to the group NAIVE; f P<0.05, compared to the
group LPS, which practiced strength exercise. One-way
ANOVA (D: F5 53 =4.386) followed by Newman-Keuls
multiple comparison test.

Discussion

In this study, we investigated the influence of muscular
strength exercise practiced prophylactically on oxidative
stress and histological parameters and memory deficits
caused by acute neuroinflammation in the hippocam-
pus of rats. There is evidence that the practice of physical
exercise increases muscle strength, promotes cardiores-
piratory adaptations [33-35], influences the resolution
of oxidative stress [35] and inflammatory processes [36],
and presents beneficial effects on memory consolidation
and retention [37].
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Our results verified that the exercise promoted a gain
in muscle strength assessed by the maximum load and
Grip Strength Meter tests and promoted a cardiovascular
adaptation assessed by the mass heart index.

Regarding histological analyses, we quantified the num-
ber of dark neurons in the hippocampus’s CA1, CA3, and
DG regions. Dark neurons have morphological changes,
such as the presence of pyknotic nuclei and cytoplas-
mic reduction, as well as marked hyperbasophilia (char-
acteristic of degenerating cells) [38]. We found that the
non-exercised group that received an intra-hippocampal
infusion of LPS showed a higher number of dark neu-
rons in the CAl region when compared to the group
that received an intra-hippocampal infusion of saline,
but this increase between these groups (higher number
of dark neurons in the group infused intra-CA1 with LPS
than with SAL) did not occur in the exercised rats. In the
CA3 and DG regions, we found no significant differences
between the groups.

In the oxidative stress parameters, we observed that
eight weeks of muscular strength exercise prior to LPS
infusion did not cause changes in the activities of the
enzymes SOD, GST and MPO neither in the hippocam-
pus nor in the prefrontal cortex of rats but caused a
decrease in the concentration of the antioxidant GSH and
an increase in the activity of the enzyme CAT, compared
to the group that was not submitted to weeks of muscular
strength exercise prior to LPS infusion.

The literature describes that the SOD enzyme is
responsible for catalyzing the dismutation of superoxide
anion, converting it into hydrogen peroxide, and soon
afterward, the CAT or glutathione peroxidase (GPx)
catalyzes the conversion of hydrogen peroxide into water
and molecular oxygen [39, 40]. Therefore, we believe that
the increased activity of the CAT enzyme in the animals
that practiced muscular strength exercise may be due to
an increase in the formation of hydrogen peroxide, thus
suggesting a protective effect because, despite not being
a free radical, due to the absence of unpaired electrons in
the last layer, the hydrogen peroxide is an extremely del-
eterious ROS, capable of crossing lipidic layers and react-
ing with transition metals and some hemoproteins. It can
also induce chromosomal alterations, break the deoxy-
ribonucleic acid (DNA) skeleton, and oxidize sulfthydryl
compounds in the absence of catalysts.

Although physical training is traditionally associated
with increased concentrations of enzymatic and non-
enzymatic antioxidants, the protocol of this study did
not show significant influence in the resolution of oxi-
dative stress. However, we believe that the increased
concentrations of CAT enzyme may have been ben-
eficial due to the potential decrease in tissue hydrogen
peroxide concentrations, thus exerting a protective
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effect and may have influenced our behavioral results. In addition to our GSH data, Souza et al., [41] veri-
However, more studies are necessary to investigate the fied that a strength training protocol was able to reduce
influence of strength exercise practiced prophylacti- GSH levels in the hippocampus and spinal cord of rats
cally in resolving oxidative stress. and proposed that the modulatory effects of exercise
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on the glutathione system might be associated with
the regulation of exercise on Nrf2/ARE mechanisms
because the increased activity of enzymes that utilize
GSH to scavenger ROS are subjected to regulation by
Nrf2 [42].

Regarding the behavioral tests, we verified that the
infusion of LPS in the CA1 region of the hippocampus of
the animals caused a deficit in social and discriminative
memory. However, this deficit was avoided in animals
that practiced muscle strength training prophylactically,
which had a better performance in short-term (SDM)
and long-term recent (LTM) discriminative memory and
long-term recent (LTM) social memory.

Corroborating with our results, we investigated in
Araujo et al., [43] the effect of strength exercise in rats
after monosodium glutamate-induced neuroinflamma-
tion. The animals received monosodium glutamate at a
4 g/kg dose from the first to the tenth day of life. After
60 days of birth, the animals started a strength exercise
protocol for seven weeks and, subsequently, the object
recognition test was performed. The authors found that
strength exercise had an effect in decreasing the discrimi-
native memory deficit.

According to Farzi et al., [44], beneficial effects of mus-
cle strength exercise on discriminative memory deficit
have also been reported. The authors observed that after
eight weeks of muscle strength training, animals that
received an intracerebroventricular injection of AB25-35
peptide and exercised showed a significant improvement
compared to the control group regarding discriminative
memory deficit (Additional file 1: Tables S1-S10).

According to Quines et al. [45], the neuroprotective
effects of three models of non-pharmacological interven-
tion were investigated: environmental enrichment, mus-
cle strength exercise, and social enrichment in an animal
model of Alzheimer’s disease. The authors demonstrated
that eight weeks of muscle strength training could reverse
social and discriminative memory deficits after intra-hip-
pocampal infusion of AB-amyloid beta-peptide in Wistar
rats.

There is scientific evidence that the neuroprotective
mechanisms induced by physical exercise (all modali-
ties) are due to increased expression of brain-derived
neurotrophic factor (BDNF) and insulin-like growth fac-
tor (IGF-1), neurotrophins that are involved in processes
related to memory and learning. Mattson [46] suggested
that since exercise increases BDNF expression in the
brain, exercise may positively enhance cognitive activi-
ties, especially hippocampus-dependent activities.

Ding et al. [16] showed that physical exercise practiced
for five days increased the expression of IGF-1 and BDNF
in the hippocampus of rats. The authors linked such
a positive influence on exercise-induced synaptic and
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cognitive plasticity to increased IGF-1 and BDNF in the
hippocampus.

Many studies show beneficial effects of aerobic exercise
in behavioral alterations facing neuroinflammation. How-
ever, studies showing the influence of muscular strength
exercise are still scarce. For this reason, we found few
studies showing positive effects of strength exercise on
social and discriminative memory deficits. Furthermore,
while the studies cited here showed the effect of strength
training as a form of treatment, our study showed its pre-
ventative action.

We know that there is an awareness among the popu-
lation about the beneficial effects of physical exercise.
Along with this, the practice of strength exercise is
increasing. In this way, research is necessary on the ben-
eficial influence of this type of physical exercise on the
human population to decrease the incidence of neuro-
degenerative diseases that have neuroinflammation as a
background.

Conclusion

In conclusion, the present study reinforces evidence that
muscular strength exercise represents a functional pro-
phylactic approach for preventing behavioral deficiencies
and oxidative stress associated with neuroinflammation,
as induced in this study by LPS. We showed the benefi-
cial effects of strength exercise in animals that suffered
local hippocampal neuroinflammation, having avoided
the mnemonic deficit in tasks of discriminative and social
memory, promoting the increase of the activity of the
enzyme CAT in the hippocampus.
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exercise. previously to the intra-CA1 dorsal bilateral infusion of LPS (40
pg/side). improves the performance of rats in the retention of recent
long-term social memory (LTM) regarding the task of social recognition.
Table S4. Eight weeks of strength exercise previously to the intra-CA1
dorsal bilateral infusion of (40 pg/side) induces physiological cardiac
hypertrophy caused by muscular training. Table S5. Eight weeks of
strength exercise hindered the enhancement of rats'dark neuron count
verified after intra-CA1 dorsal bilateral infusion of LPS (40 ug/side) in the
hippocampus CA1 region. Table S6. Expression of GSH and activity of the
enzymes MPO. SOD. CAT and GST in the CA1 region of hippocampus of
rats. (A) Eight weeks of strength exercise diminished the hippocampus
concentration of GSH in the rats'hippocampus previously submitted to
the strength exercise compared to the non-exercised rats. (D) increased
the activity of CAT in the hippocampus of rats that received local induc-
tion of neuroinflammation. and (B. C and E) does not affect the activity of

of GSH and from the enzymes MPO. SOD. CAT and GST in the prefrontal
cortex of rats. Eight weeks of strength exercise diminished the activity
of CAT in the prefrontal cortex of rats. compared to non-exercised rats.

(W) of strength exercise (three not tested weeks of adaptation plus five
ones of training, which test is showed in this figure) previously to the
intra-CAl dorsal bilateral infusion of LPS (40 pg/side), or saline improved
the muscular strength of the animals. Table S9. Eight weeks of strength
exercise prior to the intra-CA1 dorsal bilateral infusion of LPS (40 pg/side)
does not affect rats’locomotion and exploratory activity in the open field

dorsal bilateral infusion of LPS (40 pg/side) does not affect the nocicep-
tion of rats in the hot plate task (DOCX 61 KB)

Additional file 2: Figure S1. Experimental sequence. Figure S2. Eight
weeks of strength exercise (three not tested weeks of adaptation plus
five ones of training, which test is showed in this figure) previously to the
intra-CAl dorsal bilateral infusion of LPS (40 pg/side), or saline improved
the muscular strength of the animals. Figure S3. Eight weeks of strength
exercise prior to the intra-CA1 dorsal bilateral infusion of LPS (40 ug/side)
does not affect rats’locomotion and exploratory activity in the open field
task. Figure S4. Eight weeks of strength exercise previously to the intra-
CA1 dorsal bilateral infusion of LPS (40 ug/side) does not affect the level

strength exercise previously to the itra-CA1 dorsal bilateral infusion of LPS
(40 pg/side) does not affect the nociception of rats in the hot plate task.
Figure S6. Histological analysis (image) of hippocampal regions CA1, CA3
and DG dark neurons.

MPO. SOD and GST in the hippocampus. respectively. Table S7. Expression

except when the rats were submitted to intra-CA1 dorsal bilateral infusion
of LPS (40 pg/side) soon after the period of exercise. Table S8. Eight weeks

task. Table $10. Eight weeks of strength exercise previously to the itra-CA1

of anxiety of rats in the plus-maze elevated task. Figure S5. Eight weeks of
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