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Abstract

Stress is a triggering factor for anxious and depressive phenotypes. Exercise is known for its action on the central nervous
system. This study aimed to evaluate the role of resistance exercise in an anxiety-depression-like dyad in a model of stress.
Male Swiss mice (35-day-old) were exercised, three times a week for 4 weeks on nonconsecutive days. The resistance exercise
consisted of climbing a 1-m-high ladder 15 times. After mice were subjected to an emotional single prolonged stress (Esps)
protocol. Seven days later, they were subjected to anxiety and depression predictive behavioral tests. The results showed
that exercised mice gain less weight than sedentary from weeks 3 to 5. Resistance exercise was effective against an increase
in immobility time in the forced swim test and tail suspension test and a decrease in grooming time of mice subjected to
Esps. Resistance exercise protected against the decrease in the percentage of open arms time and open arm entries, and the
increase in the anxiety index in Esps mice. Four-week resistance exercise did not elicit an antidepressant/anxiolytic phe-
notype in non-stressed mice. Esps did not alter plasma corticosterone levels but increased the hippocampal glucocorticoid
receptor content in mice. Resistance exercise protected against the decrease in hippocampal levels of tropomyosin kinase B
(TRkB), the p-Akt/Akt, and the p-mTOR/mTOR ratios of Esps mice. Resistance exercise proved to be effective in decreasing
hippocampal neuroinflammation in Esps mice. Resistance exercise protected against the increase in the hippocampal Akt/
mTOR pathway and neuroinflammation, and anxiety/depression-like dyad in Esps exposed mice.
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Introduction

Considering that the most commonly used therapy for
depression is still the clinical prescription of antidepressive
drugs to treat patients with major depressive disorder (MDD)
and only 20 to 40% of the patients respond to these drugs [1,
2], non-pharmacological methods should be more studied,
considering the safety and less-toxic side-effects. Exercise
is a well-known non-pharmacological and lifestyle option
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to prevent the development of many pathological states [3].
When compared to aerobic exercise modalities, resistance
exercise has been less studied for its role in depression/anxi-
ety treatment or prevention [4]. Kang et al. [5] have demon-
strated that an 8-week resistance training attenuated chronic
unpredictable mild stress (CUMS)-induced depression-like
behaviors in male rats, suggesting that resistance exercise
could be a promissory approach to even prevent or attenuate
MDD and anxiety.

Approximately 350 million people worldwide experience
MDD, a common neuropsychiatric condition with multiple
factors involved, such as genetic and environmental, and
more than 75% of people in low- and middle-income coun-
tries receive no treatment [6, 7]. The vast majority of MDD
cases show high comorbidity between depression and anxi-
ety and stress-related disorders (ASRDs), being those disor-
ders not entirely distinct conditions in humans or animals [8,
9]. The coronavirus disease 2019 (COVID-19) elevated the
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day-by-day life stressors, including unsafety feelings, stay-
at-home orders, and canceled social events [10]. According
to Salari et al. [11] prevalence of stress, anxiety, and depres-
sion as a result of the pandemic in the general population is
29.6, 31.9, and 33.7% respectively.

A recent study indicates that the neurobiology of stress
leads to an abnormal hypothalamic—pituitary—adrenal (HPA)
axis activity [12] and neuroinflammation responses [13].
Chronic and acute stress protocols are used in rodents to
induce depressive- and anxiety-like behaviors, aiming to elu-
cidate the alterations caused by stress in central structures
[14, 15].

A single prolonged stress (SPS) protocol, besides mod-
eling a post-traumatic stress disorder, causes neuroinflam-
mation in male mice [16]; therefore, the rationale to choose
resistance exercise over other modalities of aerobic exer-
cise is that aerobic exercise has been reported as potentially
inflammatory, whereas, resistance exercise has been related
to an anti-inflammatory pattern [17]. Acknowledging the
potential benefits of exercise, this study evaluated if resist-
ance exercise protects against anxiety-depression-like dyad
in mice subjected to an emotional single prolonged stress
(Esps) protocol. The contribution of hippocampal plasticity
and neuroinflammation to resistance training effects was also
investigated in this model.

Materials and Methods
Animals

Male Swiss mice (aged 35 days) housed in polycarbon-
ate cages were used in this study. They had free access to
commercial feed (GUABI, RS, BRAZIL) and tap water.
Animals were maintained under controlled room temper-
ature conditions (22 +2 °C) and a 12-h light/12-h dark
cycle, with a light cycle starting at 7:00 a.m. Animals
were obtained from the Central Animal Laboratory of the
Federal University of Santa Maria (UFSM)—Brazil and

handled following the rules of the Committee on Care
and Use of Experimental Animals Resources of UFSM
(#1,535,120,320).

Drugs

Cocktails of protease and phosphatase inhibitors and the
bicinchoninic acid assay (BCA) were purchased from Sigma
(Sigma-Aldrich Company, St. Louis, MO, USA). Prestained
protein standard was obtained from Bio-Rad (Bio-Rad, Séo
Paulo, Brazil). All other reagents were of analytical grade
and obtained from standard commercial suppliers.

Experimental Protocol

Mice were kept in the animal facility room from postnatal
(PND) day 21 to 35. At PND 35, the animals were divided
into two experimental groups: Sedentary (non-exercised,
n=16) and Exercised (n=16, mice were exercised from
PND 42 to 67). From the end of the resistance exercise pro-
tocol (PND 67) to the beginning of Esps (PND 70), mice
were not manipulated.

At PND 70, animals of both groups were divided into
four groups (Fig. 1):

e Group I: Sedentary Control (non-exercised and non-
stressed, n=_8);

e Group II: Sedentary + Esps (non-exercised and subjected
to Esps at PND 70, n=238);

e Group III: Exercise Control (exercised and non-stressed,
n=3);

e Group IV: Exercise + Esps (exercised and subjected to
Esps at PND 70, n=38).

After the Esps protocol, mice rested until the behavioral
tests (PND 77 and 78). The body weight was recorded, every
2 days, from PND 35 until PND 79.
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Resistance Exercise Protocol

Animals of groups III and IV were trained using a 1-m-high
handmade ladder, following a protocol previously published
[18]. At PND 35 to 42, mice were familiarized with the lad-
der by climbing spontaneously with no added load (exercise
adaptation). The protocol was performed by mice three times
a week, on Mondays, Wednesdays, and Fridays, for 4 weeks
(PND 42 to 67). The mouse’s body weight was measured
before exercise to adjust the weight attached to the animal’s
tail.

For every day of training, the mice were motivated to
climb the ladder 15 times with a rest of 2 min between each
climb. Every week, the weight attached to the tail was pro-
gressively increased, 15% in the first week, 30% in the sec-
ond week, 50% in the third week, and ending with 75% of
body weight in the last week (Fig. 1). Mice were stimulated
by touching their tails when they stopped climbing.

Maximum Carrying Capacity test (MCC) The maximum vol-
untary carrying capacity test was performed by mice based
on the methodology previously adapted from rats to mice
[19]. The test was carried out using a metal block mass in a
small plastic microtube tied to the mouse tail. Under specific
loads, mice should climb the ladder from bottom to top with
less than three times of stimulation (touching their tails). We
used 75% body weight as the first load of the training sched-
ule and added 5 g sequentially if the mice could complete
the task after a 5 min rest until the mice could not complete
the task with three stimulations and/or even dropped down
the ladder; then, the final mass value could be called the
maximum capacity load. The test was performed on Friday,
about 6 h after the exercise protocol, to full recovery of the
animal in the adaptation week (MCC1), 30% body weight
week (MCC2), and 75% body weight week (MCC3).

Emotional Single Prolonged Stress (Esps) Protocol

At PND 70, mice were individually immobilized for 2 h in
an acrylic cylinder, with holes along the object to facili-
tate breathing. After that, each mouse was put to swim, in a
cylindrical tank containing clean water at 25 °C for 15 min.
To preserve animal welfare, the room was heated during the
protocol, and the animals were dried with towels. They were
placed in cages with excess wood shavings and remained
for 15 min (recovery time) [20]. Then, the animals were
subjected to the last step of the protocol, which consists of
exposing the mouse to the predator odor for 3 min. The pred-
ator odor consisted of a cage with shavings, urine, and fecal
pellets of male rats. The exposure was carried out in another
room [21]. Animals did not have free contact with the bot-
tom of the cage, being separated from it with a grid to avoid
any contamination from rats’ urine and fecal pellets. Mice
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were group housed in the same cage, before and after the
Esps protocol, to avoid exposure to an additional stressor,
social isolation [22].

Non-stressed animals did not experience any stressful
events. After the stress protocol animals rest for 7 days, being
in touch with humans only for food and water replacement.

At PND 77 and 78, mice performed behavioral tests. At
PND 79, mice were killed by cervical dislocation (Fig. 1).
Hippocampus and plasma were collected and kept at — 80 °C
until the use. Triceps sure were also collected to determine
their weight.

Behavioral tests

The behavioral tests (n=8/group) were carried out in 2 days
to minimize stress in the animals.

Spontaneous locomotor activity

To evaluate exploratory capacity and exclude locomotion
impairment after Esps, mice were tested in the spontaneous
locomotor test. This behavioral test was performed in a clear
acrylic apparatus (50 cm X 48 cm X 50 cm) connected to a
monitor with photocell beams and containing 16 infrared
sensors for the automatic recording of animal position and
general locomotor activity (Insight, SP, Brazil). Mice were
placed in the center of the box and allowed to explore freely
for 5 min. It was recorded the number of crossings, rearings,
and total distance traveled.

Elevated Plus Maze (EPM)

EPM was used to evaluate anxiety-like behavior in mice,
according to the method described by Pellow et al. [23].
The animals were individually placed in the central area of
the maze facing an enclosed arm and observed for 5 min.
The apparatus was cleaned with an ethanol solution (10%
v/v) and dried with paper towels after each trial. During a
5-min test period, the number of entries in either the open
or enclosed arms and the time spent in the open arms were
recorded. An entry was defined as placing all four paws
within the boundaries of the arm. The following meas-
ures were obtained from the test: (a) the time spent in the
open/closed arms; (b) the number of entries into the open/
closed arms. The percentage of time spent in the open arms,
OAT% [(time spent in the open arms/total time spent in
the arms) X 100], and the percentage of open arm entries,
OAE% [(number of open arm entries/number of total arm
entries) X 100], were calculated. The data were expressed as
an anxiety index, as follows: Anxiety Index=1—[([Open
arm time / Test duration] + [Open arms entries/Total number
of entries]) / 2].
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Tail Suspension Test

The tail suspension test (TST) was performed in a quiet
experimental environment in which the total immobility
duration is considered the major parameter measured to
assess the “behavioral despair” rodents [24]. Mice were
suspended 50 cm above the floor by adhesive tape placed
approximately 1 cm from the tip of the tail. For the next
6 min, the latency for the first immobility episode and the
immobility time was recorded. Mice were only considered
immobile when passively hung and completely motionless.

Forced Swim Test

Originally described by Porsolt [25], the forced swim test (FST)
is the most sensitive behavior test to evaluate the antidepressant
properties of new compounds. In this test, mice were individu-
ally forced to swim in an open cylindrical container (diameter
10 cm and height 25 cm) containing 19 cm of water at 25+1 °C.
Latency for the first immobility episode and total immobility
duration (escape-related mobility behavior) were monitored for
6 min. Each mouse was considered immobile after it ceased
struggling and began floating passively on the water.

Splash Test

The splash test was adapted from [26]. This test evaluates
grooming behavior, defined as cleaning of the fur by licking
or scratching, after vaporization of 10% sucrose solution onto
the mice’s dorsal coat. The solution’s viscosity prompts mice
to initiate grooming behavior, with depressive symptoms char-
acterized by an increased latency (idle time between spray and
initiation of grooming) and decreased time spent grooming.
Latency and time spent grooming were recorded for 5 min.

Biochemical Determinations
Corticosterone Assay

Blood was collected by heart puncture using heparin and
samples were centrifuged at 2000 X g for 10 min. Briefly,
0.2 ml of mice plasma was extracted, as well as a stand-
ard corticosterone 10 pg/ml with chloroform, centrifuged,
extracted again with NaOH (0.1 M), and then exposed to
fluorescence reactive without light for 2 h [27]. Fluores-
cence was determined and measured at 247 nm for excitation
and 540 nm for emission. The fluorescence intensity was
expressed as pug/ml.

Western Blot Assay

Hippocampus samples (30 pg protein/well) and a marker
protein (Bio-Rad, Sao Paulo, Brazil) were separated on an

SDS—polyacrylamide gel by electrophoresis. The proteins
were transferred to a nitrocellulose membrane (0.45 pm,
Bio-rad) using the Transfer-Blot® Turbo ™ transfer system
(1.0 mA, 15 to 40 min, Bio-Rad). After blocking with a
3% bovine serum albumin (BSA) solution for 1 h, the blots
were incubated overnight at 4 °C with primary antibod-
ies (Table S1). The method was performed as previously
described by Miiller et al. [28].

Statistical Analysis

The data were expressed as the mean + standard deviation
(SD). Initially, data normality was verified using D’Agostino
and Pearson omnibus test, excepting the proteins from the
western blot, in which the Shapiro—Wilk test was used. Com-
parisons among experimental groups were performed by
two-way analysis of variance (ANOVA) (Esps and exercise)
followed by Tukey’s multiple comparison test, excepting the
data on the MCC test and weight, which were analyzed by
repeated-measures ANOVA. Pearson’s correlation coeffi-
cient was used for measuring the linear correlation between
two variables.

Results

Resistance Training Reduces the Weight Gain
in Exercised Mice and Enhances the Triceps Surae
Weight

The two-way analysis of body weight data demonstrated a
significant difference for resistance training X time interac-
tion (Fs 150=16.89; p <0.0001). Exercised mice gain less
weight than sedentary ones from weeks 3 to 5 (Fig. 2a)
(Table S2). As shown in Fig. 2b, exercised mice increased
their maximum carrying load capacity during the protocol
(F 873081 =138.43; p<0.0001) (Table S2). The triceps surae
weight/total body weight ratio showed no significant interac-
tion between factors (exercise X stress) (Table S2).

Resistance Training and Esps Do Not Induce
Locomotor Alterations in Mice

Locomotor activity profile was similar among mice sub-
jected to a resistance exercise and Esps protocol (Fig. 2c,
d e) (Table S3).

Resistance Exercise Protects Against
Depressive-Like Phenotype in Esps Exposed Mice

Sedentary mice exposed to Esps showed a statistically

significant decrease in latency to immobility (Fig. 3a,
F1,28 =20.02; p=0.0032) (Table S3) and an increase
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Fig.2 Effects of resistance exercise on the body weight (a), maxi-
mum carrying capacity test (b), triceps surae weight/total body
weight (c¢), the number of crossings (d), rearings (e), and distance
traveled (f) by mice exposed to an Esps protocol. Results represent
the mean+S.E.M. of 16 mice per group (a and b) and 8 mice per
group (c—e). ¥p <0.05; ***p<0.001; ****p <0.0001 compared with

in immobility time (Fig. 3b, F1,28=11.36; p <0.0001)
(Table S3 in the TST when compared with the sedentary
control group. Resistance exercise was effective against
the decrease in latency to immobility (p =0.0149) and
the increase in immobility time (p < 0.0001) in Esps
mice.

Control exercised mice showed a decrease in latency
to immobility (p =0.0227) when compared to sedentary
control and a decrease in immobility time (p <0.0001)
when compared to sedentary Esps in the TST (Fig. 3a,
b) (Table S3).

Exposure to Esps decreased the latency to immobility
(Fig. 3¢, F1,28=30.86; p <0.0001) (Table S3) in the FST in
control (p=0.0003) and exercise Esps (p =0.0002) groups
when compared with a sedentary control group.

Esps statistically increased the immobility time (Fig. 3d,
F1,28 =9.503; p <0.0001) (Table S3) when compared with
a sedentary control group in the FST, and this effect was
abolished by resistance training (p =0.0008).

Figure 3e shows the effects of resistance training
and Esps in the splash test. Sedentary mice exposed to
Esps had a statistically significant increase in latency
to grooming (F ,3=15.160; p=0.0281) (Table S3) and
a decrease in grooming time (Fig. 3f, F1,28 =14.54;
p=0.0289) (Table S3) when compared with a sedentary
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a sedentary group (a) and compared with MCCI1 (b), #p <0.05 when
compared with MCC2; two-way ANOVA with repeated measures fol-
lowed by the Sidak’s test (a); one-way ANOVA with repeated meas-
ures followed by the Tukey’s test (b) and two-way ANOVA followed
by Tukey’s post hoc test (c—e). MCC maximum carrying capacity,
Esps emotion single prolonged stress

control group. Resistance training protected against the
increase in latency to grooming (p =0.0063) and the
decrease in grooming time (p =0.0041) in Esps-exposed
mice.

Figure 3b, d, f illustrates that this resistance exercise pro-
tocol did not alter immobility time in the TST and FST, and
grooming time in control mice when compared to sedentary
control (Table S3).

Resistance Exercise Protects Against
Anxiogenic-Like Phenotype in Esps Exposed Mice

Analyses of OAT% (Fig. 4a, F1,28=12.7; p=0.0028)
(Table S3) and OAE% (Fig. 4b, F1,28=15.14; p <0.0001)
(Table S3) data revealed a significant decrease in sedentary
Esps exposed mice when compared with sedentary control.
Resistance exercise protected against OAT% and OAE% in
Esps mice (p <0.0001) when compared to the sedentary
Esps group.

Figure 4c shows that sedentary mice exposed to Esps
increased the anxiety index (F|,3=13.97; p=0.0029)
(Table S3) when compared with sedentary control. Resist-
ance training protected against the increase in the anxiety
index in Esps (p <0.0001) when compared with sedentary
Esps mice.
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Fig.3 Effects of resistance exercise on the TST (a, b), FST (c, d),
and splash test (e, f) in mice subjected to an Esps protocol. Results
represent the mean+ S.E.M. of 8 mice per group. Data were analyzed
by two-way ANOVA followed by Tukey’s post hoc test when appro-

Figure 4a, b, ¢ shows that resistance exercise protocol
did not alter parameters of anxiety in control mice when
compared to sedentary control (Table S3).

Esps Exposure Does Not Alter Circulating
Corticosterone Levels But Increases Hippocampal
GR Levels

Plasma corticosterone levels were similar in all experimen-
tal groups (Fig. 5a). The GR levels in the hippocampus of
sedentary and exercised Esps mice were increased (Fig. 5b,
F1,16=4.573; p=0.0483) (Table S4) when compared with
the sedentary control. Resistance exercise increased the lev-
els of GR in the hippocampus of mice when compared with
sedentary control.

Resistance Exercise Protects Against Hippocampal
Neuroinflammation and NLRP3 Inflammasome
Activation in Esps Mice

Esps increased the hippocampal levels of TNFa (Fig. 6a,
F1,16=4.779; p=0.0377) (Table S4), NLRP3 (Fig. 6b,
F1,16=10.26; p=0.0127) (Table S4), and IL-1p (Fig. 6c,
F1,16=9.334; p=0.0114) (Table S4) in sedentary mice
when compared with sedentary control. Resistance exer-
cise protected against the increase of TNFa (p =0.0114),
NLRP3 (p=0.0019), and IL-1f (p =0.0063) levels in the

priate. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001 compared
with the sedentary control group; #p <0.05; ##p < 0.01; ###p <0.001;
####p <0.0001 compared with sedentary Esps group. Esps emotion
single prolonged stress

hippocampus of mice exposed to Esps when compared with
the sedentary Esps group. Resistance exercise protocol did
not alter hippocampal levels of TNFa, NLRP3, and IL-1f
in control mice (Fig. 6a-c) when compared to sedentary
control.

Resistance Exercise Protects Against the Decrease
in Hippocampal TRkB Signaling in Esps Exposed
Mice

Data showed that sedentary mice’s exposure to Esps
led to a decrease in hippocampal TR«B levels (Fig. 7a,
F1,16=5.504; p=0.0471) (Table S4) when compared to
a sedentary control group. Resistance exercise protected
against the decrease in levels of TRxB in the hippocampus
of mice exposed to Esps (p =0.0005) when compared with
sedentary Esps. Resistance exercise did not alter hippocam-
pal TRkB levels in control mice when compared to seden-
tary control (Fig. 7a). proBDNF/mature BDNF ratio was
similar in the hippocampus of mice from all experimental
groups (Fig. 7b) (Table 45).

Figure 8a shows that the p-Akt/Akt ratio was decreased
by Esps exposure in the hippocampus of sedentary mice
(F1,16=22.54; p<0.0001) (Table S4) when compared to the
control sedentary group. Resistance exercise was effective
against the decrease in the p-Akt/Akt ratio when compared
to the sedentary Esps group (p =0.0362).
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Fig.5 Effects of resistance
exercise on plasma corti-
costerone levels (a) and GR
levels in the hippocampus (b)
of mice exposed to an Esps
protocol. Results represent the
mean + S.E.M. of 8 (a) or 5

(b) mice per group. Data were
analyzed by two-way ANOVA
followed by Tukey’s post hoc
test. * p<0.05; **p <0.01 com-
pared to the sedentary control
group. Esps emotion single
prolonged stress, GR glucocor-
ticoid receptor
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The ratio of p-mTOR/mTOR was reduced in the hip-
pocampus of Esps (F| j4=12.83; p=0.0427) (Table S4)
mice when compared with a sedentary control group.
Resistance exercise increased the hippocampal p-mTOR/
mTOR ratio in Esps exposed mice (p <0.0001) when
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compared with the sedentary Esps group (p <0.0001)
(Fig. 8b).

Resistance exercise did not modify hippocampal p-Akt/
Akt and p-mTOR/mTOR ratios in control mice when com-
pared to sedentary control (Fig. 8a,b).
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Fig.8 Effects of resistance
exercise on Akt (a) and mTOR
(b) protein contents in the
hippocampus of mice exposed
to an Esps protocol. Results
represent the mean +S.E.M. of
5 mice per group. Data were
analyzed by two-way ANOVA
followed by Tukey’s post hoc
test. * p<0.05; **p <0.01;
*#**%p <0.0001 when compared
to the sedentary control group;

Exercise + Esps

Control
Esps
Exercise

[ ]

p-Akt (60 kD)

[ w ww wer|  Total Akt (60 kD) ﬂ
0.5
[ wer wer | B-actin (45 kD) ool ML .

= Control
[ Esps

Q

1.5+ # #

1.0

p-Akt/Akt
(relative density)
:

#p <0.05; ####p < 0.0001 when Sedentary  Exercised
compared to sedentary Esps a
group. Esps emotion single i
prolonged stress, Akt protein ° :’ b
kinase B, mTOR mammalian 5 . 5 g s st
target of rapamycin E 52 g eorn
o wu u xS 4 Hitt
62 e
S 8| p-mTOR (220 kD) T
o o
% ou S8 88| mTORtotal (211-245kD) 2% 2
af )
£ 14
Nrewre] a-tubuin (54 kD) c I:
Sedelntary Exercised

Anxiety/Depressive Phenotype Positively Correlates
with Hippocampal Neuroinflammatory Markers

Pearson’s analyses demonstrated statistically significant
positive correlations between the anxiety index and hip-
pocampal levels of NLRP3 (r=0.7716, p <0.0001), IL-1p
(r=0.5118, p=0.0211), and TNF-a (r=0.4931, p=0.0272).

Statistically significant positive correlations were found
between immobility time in the FST and hippocampal lev-
els of TNF-a (r=0.6429, p=0.0022), NLRP3 (r=0.5239,
p=0.0177), and IL-1B (r=0.5446, p=0.0130). Regard-
ing the analyses between immobility time in the TST and
hippocampal levels of inflammatory markers, significant
positive correlations were also found (TNF-a (r=0.6036,
p=0.0048), NLRP3 (r=0.5566, p=0.0108), and IL-1p
(r=0.4875, p=0.0293)).

Discussion

Our findings indicate an anxiety/depression-like phenotype
in sedentary mice subjected to the Esps protocol, which was
accompanied by a hippocampal increase of inflammatory
cytokine levels, activation of the NLRP3 inflammasome, a
decrease in TRkB levels, and downregulation of the Akt/
mTOR pathway. Resistance exercise protected against the
development of anxiety/depression-like dyad, neuroinflam-
mation, activation of the inflammasome, and modulated the
TRkB levels and Akt/mTOR pathway in the hippocampus
of Esps exposed mice (Fig. 9).

@ Springer

Despair- and anxiety-like behaviors were observed after
7 days of Esps exposure, which reflect consistency with the
other stress model outcomes [29, 30]. The increase of GR
protein content in the hippocampal region of rats has been
reported after exposure to a modified SPS protocol [31, 32];
our results on GR hippocampal levels are also consistent
with this feature in mice exposed to Esps. Neuroinflam-
mation is commonly related to depression-like behaviors
in animals. This way, our data demonstrate an increase in
NLRP3, TNFa, and IL-1p levels in the hippocampus of anx-
ious/depressed mice exposed to Esps, suggesting a micro-
glial superactivation and the release of pro-inflammatory
cytokines. Accordingly, Zhang et al. [33] reported that the
NLRP3 inflammasome plays a critical role in stress-induced
depression. Brain-derived neurotrophic factor (BNDF)
exerts its signaling through activating tropomyosin receptor
kinase B (TRxB), which activates proteins involved in cell
survival and migration pathways [34]. In agreement with
a previously published study [32] that shows a decrease in
the hippocampal TRkB/BDNF signaling of rodents exposed
to the SPS protocol, the present results reveal a decrease
in the protein content of TRkB and the BDNF ratio in the
hippocampus of anxious/depressive-like mice subjected to
Esps.

The BDNF-TRkB interaction activates intracellular sign-
aling cascades, among them the Akt/mTOR pathway. Once
phosphorylated, Akt activates mTOR phosphorylation,
which will control the expression of proteins correlated with
neuronal proliferation or survival [35]. Our findings demon-
strate that hippocampal protein content of the Akt/mTOR
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Fig.9 Summary of Esps (red arrows) and resistance exercise (green
arrows) effects on neuroinflammation and Akt/mTOR pathway and its
signaling in the hippocampus of mice. Esps emotion single prolonged

phosphorylation ratio was decreased in anxiety/depressive-
like mice exposed to Esps. Accordingly, a decrease in ratios
of p-Akt/Akt and p-mTOR/m-TOR has been reported in the
hippocampus and cerebral cortex of mice, and the silenc-
ing of this pathway has been directly related to depression-
anxiety-like behaviors in rodents [36, 37].

Resistance exercise is less explored if compared with
aerobic modalities as a non-pharmacological tool to pro-
tect against depressive and anxiety phenotypes. Our pre-
sent data reveal that resistance training performed by mice
for 4 weeks protected against anxiety/depression-like dyad
in mice subjected to Esps. The increase of hippocampal
GR levels has been reported in young male mice subjected
to an exercise protocol, which is in agreement with our
present results; however, it is not clear why GR expres-
sion was also increased in Esps (sedentary and exercised).
It is possible that exercised mice have HPA-axis changes
faster under stress [38]. Evidence has been found to sug-
gest that exercise suppresses NLRP3 inflammasome action
and modulates neuroinflammation [39]. Mice subjected,
in this study, to 4 weeks of resistance exercise showed
lower levels of hippocampal NLRP3. Resistance exercise
decreased inflammatory markers in the cerebral cortex and
hippocampus of rats exposed to a chronic stress protocol
when compared to the ones in an aerobic protocol [40].

C
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(’*Irrrynrm ’\’“r"
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stress, GR glucocorticoid receptor, TRkB tropomyosin-related kinase
receptor, BDNF brain-derived neurotrophic factor, Akt protein kinase
B, mTOR mammalian target of rapamycin

Evidence indicates that aerobic exercise increases the hip-
pocampal levels of BDNF in rodents, whereas, resistance
exercise for 8 weeks did not change this parameter, acting
through the insulin-like growth factor 1 (IGF-1)/Akt path-
way [41, 41]. On the other hand, TRkB modulation in the
hippocampus and cerebral cortex was associated with an
anxiolytic-like behavior of mice in the EPM [42]. Exercise
enhances TRkB levels in the mouse hippocampus [43, 44],
which can explain the increase in the levels of this protein
in exercised groups. Some studies reported the importance
of TRkB/m-TOR signaling as a target to potential antide-
pressant molecules, given that this pathway contributes
to protein synthesis required for synaptic plasticity [45,
46]. Our data reveal that resistance exercise for 4 weeks
modulated the hippocampal Akt-m-TOR pathway in mice
exposed to Esps. In agreement with our results, a com-
parison between aerobic and resistance exercise modali-
ties has shown that 8 weeks of exercise lessen depression
behavior and reduced hippocampal neuronal apoptosis by
acting differently, aerobic exercise activates the PGCla/
ERRo/FNDCS5 pathway, whereas, resistance exercise up-
regulates the IGF-1/Akt/mTOR signaling pathway in a
CUMS-induced depression model in rats [5]. Although
in our present study the IGF-1 has not been measured, the
increase in the hippocampal GR levels could be associated
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with IGF-1, a mediator of vulnerability or resilience to
stress in rats [47].

An intriguing result of this study was the similarity in
plasma corticosterone levels of mice from Esps (seden-
tary and exercised) groups. Tentatively, the method used to
measure corticosterone levels, which is based on the lowest
sensitivity fluorimetric detection, instead of enzyme-linked
immunosorbent assay and a radioimmunoassay, could be a
way to explain this result.

Regarding the influence of developmental factors on
stress and exercise effects in young male mice, the experi-
mental design of this study was based on other studies using
SPS, which were carried out predominantly with male
mice aged from 8 to 12 weeks [48]. In the present proto-
col, 10-week-old mice were subjected to the Esps protocol.
Considering that puberty in male mice occurs around PND
40 [49], this period coincides with the HPA axis maturation
and its development, suggesting that rodents can be a valid
model to investigate the outcomes of stress [50]. Although
there is little information on how exercise is influenced by
the developmental period in rodents, the beneficial effects of
early life exercise on hippocampal synaptic plasticity, excit-
ability, and memory have been reported [51].

Of particular importance is the experimental protocol
validity because of the possibility to translate preclinical
results to clinical settings. Stressful episodes in early life
may act as a risk factor for the development and mainte-
nance of psychiatric disorders, such as posttraumatic stress
syndrome, anxiety, and depression [52]. Resistance exer-
cise rises as a more psychologically rewarding modality
when compared with other exercise modalities, besides its
results in improving psychological aspects of health, such
as depression, self-esteem, anxiety, and stress [53]. In gen-
eral lines, this study demonstrates the impact of resistance
exercise on anxiety/depression dyad and hippocampal neu-
roinflammatory markers in young male mice subjected to the
Esps protocol, an experimental model that recapitulates in
rodents some of the core symptoms of post-traumatic stress
disorder. Moreover, the behavioral outcomes were positively
correlated with molecular results reinforcing our hypothesis.

Results of behavioral tests can be affected by many fac-
tors, such as poorly standardized experimental protocols,
environmental and biological factors, and human interfer-
ence [54]. In this study, the variability of outcomes between
behavioral tests was minimal. Among the efforts to decrease
the variability, we highlight the behavioral tests conducted
by researchers trained and unaware of the experimental
groups.

Regarding the per se effects of resistance exercise, the
present protocol reveals that it did not elicit an anxiolytic/
antidepressant-like phenotype but increased the hippocam-
pal GR levels in mice. The response of glucocorticoids to
exercise is a well-known phenomenon, being the increase
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in corticosterone and GR levels following resistance train-
ing something acceptable [55, 56]. We emphasize that the
lack of anxiolytic/antidepressant-like effects of resistance
exercise in this protocol was not attributed to detrain, con-
sidering that, short-term detraining is not considered to
interfere in pathways linked to mTOR and protein kinase
phosphorylation [57].

Conclusion

In the present protocol, resistance exercise was a pro-
phylactic tool to protect against the onset of anxiety/
depression-like dyad in mice exposed to Esps associated
with the decrease of hippocampal levels of inflammatory
cytokines, NLRP3 inflammasome, and modulation of Akt/
mTOR pathway. More studies are necessary to elucidate
the mechanisms behind resistance exercise to abolish anxi-
ety/depressive-like phenotype in an Esps model.
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