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Background: An imbalance between total training load and total recovery may cause
overtraining (OT). The purpose of the present study was to verify the effects of OT on
the expression of brain-derived neurotrophic factor (BDNF), its receptor tropomyosin
receptor kinase B (TrkB) and p75 and the dynamic expression patterns of brain-
specific miR-34a and miR-124 or inflammation-related miR-21 and miR-132 in the
mouse hippocampus.

Method: Eight weeks old C57BL/6J mice were randomly assigned to the control (CON),
normal training (NT) and OT groups. An 8-week OT training protocol was applied to
evaluate the phenotype of mice endurance (incremental load test, ILT) and cognitive
capacity (Morris water maze test). We used gRT-PCR and immunoblotting to detect
changes in the molecular level of hippocampal samples.

Result: Compared with the CON, both NT and OT decreased bodyweight after 8-week
training. After 8-week of training, NT increased the exhaustion velocity (EV) while the EV
of OT was lower than NT. Mice in NT decreased the escape latency than CON. The
percentage of time spent in the probe quadrant and the number of crossing platform
times in NT were higher than CON and OT. The BDNF, p75 and TrkB mRNA levels
were increased in NT than CON, only the p75 mRNA was increased in OT. The NT
exhibited increased protein levels of BDNF and TrkB compared to CON. The protein
expression of BDNF was decreased in OT than NT and CON. The protein level of p75 in
the OT was higher than in NT and CON. In addition, the phosphorylation level of TrkB
in OT was higher than CON and NT. Only the miR-34a level was increased in the OT.
Moreover, the expression of miR-34a was found to be negatively correlated with the
expression of BDNF, and the increase in miR-34a level was accompanied by a decrease
in performance.
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Conclusion: In summary, the training-evoked increase in the BDNF level may help to
improve performance, whereas this conditioning is lost after OT. Moreover, miR-34a
potentially mediated changes in the expression of BDNF and may reflect the decrease in

performance after OT.

Keywords: treadmill training, hippocampus, miRNAs, overtraining, normal training

INTRODUCTION

Exercising regularly is a potent force of nature with significant
potential for maintaining body health throughout the lifespan.
Aerobic exercise modifies many molecular, physiological and
structural changes in humans and animals, particularly in the
hippocampus, the brain region critically important for memory
consolidation and learning (Hamilton and Rhodes, 2015).
Thus, exercise training has been recommended as a promising
therapeutic strategy for countering age-related changes in the
hippocampus, such as alterations in relational memory and
mnemonic discrimination (Voss et al., 2019). For example, it
has been shown that moderate exercise increases the size of
the hippocampus in humans, which is also linked to enhanced
memory (Erickson et al., 2011).

Neurotrophins are a family of closely related secreted
proteins that play an important role in promote nervous
development and neurite outgrowth (Levi-Montalcini, 1987).
Among them, brain-derived neurotrophic factor (BDNF) is
highly expressed in the brain, interacts with its receptor
tyrosine kinase TrkB and p75 to regulate nervous system
function like neuronal differentiation and survival, dendritic
pruning, the patterning of innervation, synaptic function and
plasticity in the central and the peripheral nervous system
(Skaper, 2018). Activation of Trkb by BDNF can regulate
the induction of hippocampal long-term potentiation (LTP)
which is an important mechanism of hippocampal learning
and memory (Kovalchuk et al., 2002). The p75 is a member
of the TNF receptor superfamily that can bind to BDNF and
transmits signals important for determining which neurons
survive during development (Huang and Reichardt, 2001). At
present, the precise molecular mechanisms regarding exercise-
mediated neurogenesis are still not fully known (Baptista
and Andrade, 2018; Cooper et al., 2018). Importantly, BDNF
is a candidate mechanism underlying these exercise-induced
benefits that help optimize brain plasticity outcomes via exercise
intervention (Baptista and Andrade, 2018; Cooper et al., 2018).
Acute high-intensity exercise increases the expression of BDNF
(Venezia et al., 2017). Furthermore, MicroRNAs (miRNAs),
small non-coding regulatory RNAs, are important regulators
of various cellular processes via several signaling pathways
relevant to exercise adaptation (Doma fiska-Senderowska et al.,
2019). Moreover, exercise-induced memory improvements are
accompanied by changes in the hippocampal miRNA-mRNA
regulatory network (Fernandes et al, 2018). In addition,
several specific miRNAs (brain-specific miR-34a; Agostini
et al, 2011), miR-124 (Sun et al, 2015), inflammation-
related miR-21 (Slota and Booth, 2019), miR-132 (Dong
et al, 2018) are involved in the regulation of biological

processes within the brain, including development, proliferation
and apoptosis.

High training loads are generally used to improve sports
performance during periodization phases. Emerging evidence
has indicated that recovery periods are important for athletes
to achieve an overcompensation period and to improve
their performance, and inappropriate load management is
a significant risk factor for acute illness and overtraining
(OT) syndrome (Meeusen et al., 2013). This process has been
defined as functional overreaching (FOR), nonfunctional
overreaching (NFOR) and overtraining syndrome (OTS;
Meeusen et al, 2013). At present, as OTS is a diagnosis
of exclusion, it is important to screen for inflammatory,
metabolic, hormonal, psychiatric, and infectious conditions that
may be the primary reason for the decrease in performance
(Meeusen et al., 2013). It is well established that mice
subjected to a downhill running-based OT protocol induces
the NFOR state (Pereira et al., 2012, 2014), which is defined
as a performance decrement that may be reversed after
weeks or months of recovery (Meeusen et al., 2013). This
protocol was used by our research group. Based on the
important role of BDNF and specific miRNAs in sustaining
the physiological processes of the brain, we verified the
effects of OT on BDNF/TrkB signaling and the dynamic
expression patterns of brain-specific miR-34a and miR-124
and inflammation-related miR-21 and miR-132 in the
mouse hippocampus.

We hypothesized that OT affects these key molecules, which
may be useful for monitoring OTS and better understanding the
negative adaptations that contribute to performance decrease.

MATERIALS AND METHODS

Experimental Animals

A total of 90 male C57BL/6] mice (8 weeks old) were ordered
from the Experimental of Beijing Vital River Laboratory Animal
Technology (Beijing, China) and every five mice were housed
in the same cages with a controlled temperature (22 £ 2°C).
The mice were kept on a 12 h light/dark schedule (light: 9 AM
to 9 PM, dark: 9 PM to 9 AM) and provided access to food
and water. All mouse breeding and experimental procedures
were approved by the Nanjing University Animal Care and Use
Committee (ID: GPTAP014).

The rodents were randomly divided into three groups: the
control group (CON; sedentary mice; n = 30), normal training
group (NT; trained with adequate recovery, n = 30), the
group overtrained by downhill running (OT; performed the OT
protocol based on downbhill running; n = 30). The experimental
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Treadmill adaptation
Method: 10 m/min with 0% inclination for 10 min/day for 5 consecutive days
Sample: NT=30, OT=30
Aim: eliminate mice that are not adapted to treadmill exercise

24h interval

\ 4

First ILT of week0
Method: initial intensity of 6 m/min at 0% inclination with 3 m/min increments
every 3 min until exhaustion
Sample: NT=30, OT=30
Aim: determine the intensity of the exercise protocols

48h interval

A 4
Treadmill running protocol:

Method: 5-day of training and 2-day of recovery

First stage(week1-4)

Grade=0%
Speed=60%EV,
Time=60min
Second stage(week5-8):
weekS Grade=-14%
Speed=60%EV
Time=60min

week6 Grade=-14%
Speed=70%EV
Time=60min

week7 Grade=-14%
Speed=75%EV
Time=75min

week8 Grade=-14%
Speed=75%EV
Time=75min
(two trials per day, interval of 4h)

Sample: NT=30, OT=30
Aim: establish overtraining model

48h interval

\ 4

Last ILT of week 8
Method: initial intensity of 6 m/min at -14% inclination with 3 m/min increments
every 3 min until exhaustion
Sample: NT=30, OT=30
Aim: evaluation overtraining model

48h interval

v v

Morris water maze test:
Method: four trials per day, for 5
consecutive days. On the sixth day

performed retention probe test
Sample: NT=15, OT=15
Aim: evaluating spatial learning and

Tissue sample extraction:
Method: extract the hippocampus
on both sides under sterile RNase-

free conditions of the brain
Sample: NT=15, OT=15
Aim: perform qRT-PCR and

memory immunoblotting experiments

FIGURE 1 | Experimental design. Mice (normal training, NT: n = 30,
overtraining, OT: n = 30) exercised according to the training program,
including a treadmill training protocol and two incremental load tests (ILT).
During the second stage of the treadmill running protocol, the NT group ran
at Grade = —14%, Speed = 60% EV and Time = 60 min. Forty-eight hours
after the end of the last ILT, the mice were killed to take tissue samples (NT:
n =15, OT: n = 15) or perform Morris water maze experiments (NT: n = 15,
OT: n = 15), respectively.

groups were trained or tested in an appropriately lit room
between 1 PM and 5 PM (Figure 1).

Acclimatization and Incremental Load Test
(ILT)

As previously described (Pereira et al, 2012), the NT and
OT groups were first acclimated to treadmill running (ZH-PT,
Zhenghua, Anhui, China) at 10 m/min with 0% inclination for

10 min per day for a week (includes 5-day of treadmill adaptation,
1-day of ILT test, and 1-day of rest). Then, rodents performed the
ILT with an initial intensity of 6 m/min at 0% inclination with
3 m/min increments every 3 min until exhaustion, which was
defined as a mouse touching the end of the treadmill five times
in 1 min. The mice were encouraged using physical prodding,
and if a mouse became exhausted without completing the stage,
the exhaustion velocity (EV = V + (n/b)*a, with V being the
completed maximum speed, n is the duration in the incomplete
stage, b being the duration of the stage, and a being the test
increment) was calculated (Kuipers et al., 1985). The EV of
each mouse was used to determine the intensity of the NT and
OT protocols.

Running OT Protocol and Performance

Evaluation

Briefly, each experimental week of the 8-week running protocol
consisted of 5 days of training followed by 2 days of recovery. The
mice were first adapted to treadmill running for 5 days, and the
exhaustion velocity (EV: m*min~!) of each mouse was used to
determine the intensity of the exercise protocols. The CON group
did not perform any exercise. During the first 4 weeks (i.e., the
first stage) of the exercise protocol, the NT mice ran at a grade of
0%, the intensity was maintained at 60% of EV and the duration
was 60 min per day in the 4th week. From the 5th week to the
8th week of the exercise protocol, the intensity and duration were
maintained, but the rodents ran at a grade of —14%. The OT
protocol was the same as the NT protocol during the first stage
and the 5th week. However, in the 6th week of the OT protocol,
the intensity was increased to 70% of the EV. In the 7th week
of the OT protocol, the intensity and duration were increased
to 75% of the EV and 75 min, respectively. In the 8th week of
the OT protocol, the number of daily sessions was doubled than
the 7th week. The rest interval between daily sessions during the
8th week was 4 h (da Rocha et al., 2015; Pereira et al., 2015b).
Forty-eight hours after the end of the last training session in
week 8, the NT group and the OT group performed the ILT in
downbhill running.

Morris Water Maze Test

Spatial learning and memory performance of mice was evaluated
by the Morris water maze test. The Morris water maze protocol
has been described in detail in Morris’s previous report (Morris,
1984). In brief, the mice were placed in opaque water of a
circular swimming pool and trained to find a platform hidden
below the water surface in target quadrants according to the
spatial cues in the experimental room. During the training to
find the hidden platform, the mice were allowed to swim for
a maximum of 60 s. One block of four trials per day (I min
swimming time, inter-trial interval of 40 min) was performed
for five consecutive days. On the 6th day, mice were given a
60-s retention probe test during which the platform was removed
from the pool. Data were collected using a ceiling-mounted
video camera, and analysis by MobileDatum software (RD1101-
MWM-G, MobileDatum, Shanghai, China). All Morris water
maze tests were performed between 1 AM and 5 AM, and the
water temperature is maintained at 20 £ 2°C.
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Hippocampus Extraction and

Immunoblotting Analysis

The mice were sacrificed 48 h after the last ILT test to eliminate
the effects of acute exercise stress. The hippocampus of each
hemisphere was surgically excised under sterile RNase-free
conditions, snap-frozen in liquid nitrogen and stored at —80 °C
until use.

The hippocampi were processed with a Tissuelyser machine
(Jingxin, Shanghai, China). The samples were lysed in
RIPA buffer and protease inhibitor cocktail, and the protein
supernatants were collected after centrifugation. The protein
concentration was calculated using the BCA Protein Assay
Kit (Thermo Scientific, Rosemont, IL, USA). Equal amounts
of protein were loaded on 12.5% SDS-polyacrylamide gels,
separated using electrophoresis, and then transferred to a PVDF
membrane (Bio-Rad, Irvine, CA, USA). The membrane was
blocked with 5% skim milk powder in TBST for 1 h and incubated
with primary antibodies (phosphorylation-TrkB Y705, 1:1,000,
Abcam, Cambridge, UK; TrkB, 1:1,000, Cell Signaling, Danvers,
MA, USA; p75NTR, 1:1,000, Cell Signaling, Danvers, MA, USA;
BDNF, 1:1,000, Proteintech Group, Inc., Rosemont, IL, USA;
B-actin, 1:1,000, Proteintech Group, Inc., Rosemont, IL, USA) at
4°C overnight. The membrane was washed in TBST four times
for 10 mins each, and the membrane was incubated for 1 h with
anti-mouse IgG (1:10,000, Invitrogen, Carlsbad, CA, USA) or
anti-rabbit I1gG (1:5,000, Abcam, Cambridge, UK). Thereafter,
the membrane was washed four times for 10 min. The bands were
detected with the SuperSignal West Pico chemiluminescence
substrate (Thermo Scientific, Rosemont, IL, USA).

RNA Isolation

For RNA isolation, the frozen hippocampus was homogenized
using TRIzol reagent (Thermo Scientific, Rosemont, IL, USA)
according to the manufacturer’s protocol. The RNA quality and
quantity were measured using a Nanodrop spectrophotometer
(ND-1000, Thermo Scientific, Rosemont, IL, USA).

Quantitative Real-Time PCR (qRT-PCR)

For miRNA expression analysis, reverse transcription
was performed using miRNA-specific probes to generate
corresponding ¢DNA products. qRT-PCR was carried out
with a TagMan PCR kit on a Roche LightCycler 480 |
sequence detection system. The real-time PCR conditions
consisted of a predenaturation step at 95°C for 5 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. The
following TagMan® miRNA assays used were: hsa-miR-132
(ID: 000457), hsa-miR-34a-5p (ID: 000426), hsa-miR-124-3p
(ID: 001182) and hsa-miR-21 (ID: 000397). All reactions,
including those for the reference controls, were run in
duplicate, and the Ct values were calculated. The Ct values
of the miRNAs were normalized to that of U6 snRNA, and
the relative levels of miRNAs were determined using the
formula 2744CT,

For mRNA expression analysis, the oligo (dT) method
(TaKaRa, Dalian, China) was used for the reverse transcription
of protein gene mRNA to generate cDNA. qRT-PCR was then
performed using SYBR Green dye (Invitrogen) and specific

TABLE 1 | The sequences of the primers used for amplification.

Forward primer Reverse primer

BDNF 5-TCATACTTCGGTTGCATGA
AGG-3

p75  &5-CTAGGGGTGTCCTTTGGA
GGT-&

TkB  5-CTGGGGCTTATGCCTGCTG-3

5-AGACCTCTCGAACCTGCCC-3'

5-CAGGGTTCACACACGGTCT-3

5-AGGCTCAGTACACCAAATC
CTA-3

primers for BDNF, p75 and TrkB. The specific primers were
designed using the NCBI primer design tool (Table 1). The
Ct values were determined by setting a fixed threshold. The
relative mRNA levels were normalized to that of B-actin using
the 272ACT method as described above.

Statistical Analyses

All statistical analyses were conducted using GraphPad Prism
5 software. The values are expressed as the means + standard
errors of the means (SEM). According to Shapiro-Wilkes
W-test, the data were normally distributed, and the homogeneity
of the variances was confirmed by Levene’s test. Therefore,
one-way analysis (ANOVA) of variance was used to examine
the results of qRT-PCR. When one-way ANOVA indicated
statistical significance, Bonferroni’s post hoc test was performed.
The significance level was predetermined to be p < 0.05 unless
otherwise indicated.

RESULTS

Bodyweight and Incremental Load Test
Figure 2A shows the changes in body weight (g) in the
experimental groups during the experimental weeks. As
indicated in Figure 2B, bodyweight from week 0 to week 8 was
significantly lower for the OT group (8.43 £ 5.25%, p < 0.0001)
and NT group (12.68 £ 543%, p < 0.001) compared with
the CON group (20.79 % 4.06%). In addition, it is important
to note that the bodyweight of the OT group tended to be
lower than that of NT, although the difference failed to reach
statistical significance.

As shown in Figure 2C, significant differences in EV were
not observed between the NT group (37.13 &£ 10.91) and the
OT group (35.69 £ 9.01) during week 0. In addition, the EV of
the NT group (48.88 £ 7.28) was significantly greater than that
of the OT group (36.3 £ 7.67) during week 8. Compared with
that during week 0, the EV of the NT group (p < 0.05) increased
significantly during week 8, while there was no significant
difference in the EV of the OT group (p > 0.05).

Morris Water Maze Performance

The results showed that the escape latency of the three
experimental groups in the first 3 days was similar and there was
no significant difference in trial training (Figure 3A). NT group
(29.35 £ 14.35) significantly (P < 0.01) decreased the escape
latency by day 4 as compared to CON group (38.93 £ 14.43)
and remained significant on days 5 (NT:26.57 + 15.52,
CON:32.36 + 14.77, P < 0.01). From the 4th day to the fifth
day, the NT group showed a lower escape latency than the
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OT group, but the difference was not significant (P > 0.05).
Figures 3C,D shows the probe trial results, we found that
the NT group (36.07 & 15.20%) showed a significant increase
in the percentage of time spent in the probe quadrant than
CON group (16.75 £ 11.14%, P < 0.01) and OT group
(20.72 £+ 13.73%, P < 0.05). Similarly, we found that the
number of times in the NT group (3.61 £ 1.50) crossed the
original platform position was significantly increased compared
to the CON (2.05 + 1.36, P < 0.05) and OT groups
(2.14 £ 1.83, P < 0.05). Representative swimming traces of the

three experimental groups during the probe test are shown in
Figure 3B.

Expression of mRNA

As shown in Figure 4A, we measured the mRNA expression
levels in the hippocampus in the three experimental groups. The
mRNA expression levels of BDNF were significantly higher in
the NT group than in the CON group (p < 0.05). Compared
with that in the NT group, the excessive training program
reduced BDNF expression in the OT group, but the mRNA

-
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FIGURE 2 | Bodyweight (g) responses in the experimental groups during the experimental weeks (A). The percentage of body weight change between week 0 and
week 8 in the experimental groups (B). The effects of NT and OT group on the exhaustion velocity (EV), as determined during the ILT during weeks 0 and 8 (C). The

data represent the means + SE of n = 15. CON: sedentary mice; NT: mice trained with adequate recovery; OT: mice that underwent the downhill running OT
protocol. *Statistical significance (P < 0.05); ***statistical significance (P < 0.001); ***statistical significance (P < 0.0001).
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FIGURE 3 | The Morris water maze test results in the three experimental groups. The escape latency of the experimental groups (A). Representative samples of
swimming trace during the probe test phase on day 6 (B). The percentage time in target quadrant (C) and the number of crossing (D) during probe testing. The data
represent the means + SE of n = 15. CON: sedentary mice; NT: mice trained with adequate recovery; OT: mice that underwent the downhill running OT protocol.
*Statistical significance (P < 0.05); **statistical significance (P < 0.01); #statistical significance (P < 0.01) compared with the CON group on the 4th and 5th day.
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FIGURE 4 | The mRNA expression in the hippocampus in the three experimental groups. brain-derived neurotrophic factor (BDNF; A), TrkB (B), p75 (C). The data
represent the means + SE of n = 15. CON: sedentary mice; NT: mice trained with adequate recovery; OT: mice that underwent the downhill running OT protocol.
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FIGURE 5 | The representative protein expression and phosphorylation level results of the three experimental groups are shown in figure (A). Protein levels (arbitrary
units) of BDNF (B), TrkB (C), p75 (D) and the respective B-actin controls in the hippocampus. pTrkB (E) shows the phosphorylation level of TrkB. The data represent
the means + SE of n = 9. CON: sedentary mice; NT: mice trained with adequate recovery; OT: mice that underwent the downhill running OT protocol. *Statistical
significance (P < 0.05), **statistical significance (P < 0.01), ***statistical significance (P < 0.0001).

expression in the OT group was still higher than that in the
CON group. The relative mRNA expression of TrkB among
the different groups is shown in Figure 4B. The analysis of the
mRNA expression data showed that TrkB mRNA level in the
NT group was significantly higher than those in the CON group
(p < 0.001). There was a rise in the TrkB mRNA level in the OT
group compared with the CON group after 8 weeks of excessive
training, but there was no significant difference. The relative
mRNA expression of p75 among the different groups is shown
in Figure 4C. According to the data, the mRNA expression
of p75 was significantly increased in the NT and OT groups
compared with the CON group (p < 0.05).

Protein Expression and Phosphorylation
Level in the Hippocampus

Figure 5A shows that the protein expression and
phosphorylation levels in hippocampal tissue were different
among the three experimental groups. The relative expression
of BDNF (p < 0.05) and TrkB (p < 0.01) protein in the NT
group was significantly higher than that in the CON group
(Figures 5B,C). The protein expression of p75 was higher in the
NT group than in the CON group, but the difference was not
significant (p > 0.05; Figure 5D). The BDNF (p < 0.05) protein
expression level in the OT group were significantly decreased
compared with those in the CON group (Figure 5B). Compared
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with the CON group, the p75 (p < 0.01) protein expression
level in OT group was significantly increased, while the TrkB
protein expression was also increased but not significantly
(Figures 5C,D). In addition, the relative protein expression
of BDNF (p < 0.0001) and TrkB (p > 0.05) was lower in the
OT group than in the NT group, which significant only in
BDNF (Figures 5B,C). In contrast, the protein expression of
p75 (p < 0.05) in the OT group was significantly higher than
that in the NT group (Figure 5D). Figure 5E shows that the
phosphorylation level of TrkB in the OT groups was significant
increase than in CON (p < 0.05) group and NT (p < 0.05)
group. The phosphorylation of TrkB in the NT group was
higher than that in the CON group, but the difference was not
significant (p > 0.05). These results suggest that those protein
and phosphorylation level are differentially expressed in the
hippocampus as a result of different exercise protocols.

The Relative Levels of miRNAs in the
Hippocampus

As shown in Figure 6A, we examined the expression of
miR-34a in hippocampal tissue after excessive training by qRT-
PCR. The data showed that the expression level of miR-34a
was significantly upregulated in the OT group compared with
the CON group (p < 0.05). However, similar results were
not obtained by additional qRT-PCR analysis. Figures 6B-D
show the results of quantitative RT-PCR demonstrated that the
expression levels of miR-21, -124, and -132 in the NT and OT
groups were higher than those in the CON group, although the
differences failed to reach statistical significance.

Based on the fact that the protein expression of BDNF
decreased in the OT group, the relative expression of miR-34a
increased. We analyzed the correlation between the expression
of miR-34a and the relative protein expression of BDNF after
8 weeks of excessive training. As indicated in Figure 7, the
data showed that miR-34a was moderately negatively correlated
with BDNF protein level in hippocampal tissue (r = —0.6621,
p <0.01).

DISCUSSION

The time frame of training and recovery may be important
parameters for performance gain and loss. Overall, the above
findings suggest that the OT protocol-induced increase in the
miR-34a level may be linked to a maladaptation condition;
thus, miR-34a may represent a distinction between adaptation
and maladaptation.

It is well established that the BDNF/TrkB signaling system
is one of the major systems involved in exercise-mediated
hippocampal neurogenesis in response to acute exercise and
adaptation to chronic exercise (Chou et al., 2018; Firth et al.,
2018; Liu and Nusslock, 2018; Hill and Polk, 2019). Many
mechanisms are involved in such adaptation, exerting significant
regulatory control over many facets of a neuronal function and
leading to the biological effects of the hippocampus, including
cognitive functioning and neurogenesis (Chou et al, 2018;
Firth et al, 2018; Liu and Nusslock, 2018; Hill and Polk,
2019). A previous study has shown that treadmill exercise in

mice increases BDNF expression by regulating BDNF mRNA
and protein expression in the hippocampus (Fahimi et al,
2017). Similar changes were observed in the NT group in
the present study. BDNF and TrkB, as a BDNF-specific
receptor, are equally functionally dependent upon on one
another (Skaper, 2018), and the expression of TrkB has also
been found to be acutely increased in trained mice (Liu
et al., 2008). Moreover, the TrkB protein expression level is
positively correlated with passive avoidance performance (Liu
et al,, 2008). Our study also showed that the TrkB mRNA
and protein levels in the NT group increased in the present
study. However, these positive changes were not found in
the OT group. Moreover, autophosphorylation of the TrkB
catalytic domain at tyrosine 705 is considered a critical step
in TrkB receptor activation, which followed by activation of
various signaling pathways (Huang and Reichardt, 2003). The
phosphorylation of TrkB at Y705 only increased in the OT
group. In addition, the mRNA level of p75, a tumor necrosis
factor receptor (Skaper, 2018), increased both in the NT and
OT groups. However, only the protein level of p75 increased in
OT groups.

Furthermore, in animal models, chronic exercise training
robustly increases the expression of BDNF and improves
memory performance; there is also reasonable evidence
to suggest that BDNF may mediate the exercise-memory
interaction (Loprinzi, 2019). Similarly, our study also showed
these changes. Moreover, the transmembrane domain of the
p75 stimulates phosphorylation of the TrkB during brain
injury, Alzheimer’s disease, and epilepsy (Saadipour et al,
2017). Elevated p75 protein/TrkB phosphorylation levels were
also found in OT groups in our study, which likely indicated
maladaptation. Taken together, our results suggest that NT
mainly activates adaptive BDNF/TrkB signaling, while OT likely
involved p75 and TrkB phosphorylation. It is known that the
performance decrease induced by excessive training is a hallmark
of an NFOR/OT state (Meeusen et al.,, 2013). However, given
that some alterations found in OTS/NFOR/FOR may result from
overload training regardless of the performance state, alterations
may not always differentiate between OTS, NFOR and FOR but
instead indicate excess training.

Recently, it has been suggested that altered miRNA profiles
following exercise may be useful biomarkers of health and
adaptation for intervention strategies (Doma niska-Senderowska
et al, 2019). Thus, monitoring the differential expression
of miRNAs related to molecular patterns of communication
triggered during/after exercise as a response may better
elucidate the recovery and adaptation/maladaptation responses
to the training load. Brain-specific miR-34a and miR-124 are
recognized as regulators of signaling pathways relevant to
neurophysiology and neuropathology (Agostini et al., 2011; Sun
et al., 2015). miR-34a, as a tumor suppressor transcript, is
abundantly expressed in the adult mammalian brain (Agostini
etal., 2011). Previous work has suggested that the pre-inhibition
or suppression of miR-34a improves neuronal survival in the
presence of a variety of neurotoxins implicated in Parkinson’s
disease (Horst et al., 2017). Its elevation may also play a role in
neuronal demise in animal models of Alzheimer’s disease, and
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its suppression may be generally neuroprotective (Horst et al.,
2017). Moreover, swimming intervention can delay d-galactose-
induced brain aging in rats via suppressing miR-34a-mediated
autophagy impairment and abnormal mitochondrial dynamics
(Kou et al., 2017). However, an increase in miR-34a level in

the OT group was observed in the present study, indicating
that excessive training may activate these maladaptation
consequences. In addition, miR-124 is also the most abundant
miRNA in the brain (Sun et al., 2015). Furthermore, the
aberrant expression of miR-124 has been found to contribute
to pathological conditions involving the central nervous system
(Sun et al, 2015). A previous study also suggested that
exercise exerts a positive impact on stress resilience in singly-
housed mice that may be mediated by decreased miR-124
expression and increased Nr3cl expression in the hippocampus
(Pan-Vazquez et al., 2015).

In addition, because muscle damage, inflammation, and
different training phase responses may normally occur during
exercise training or stress from OT designed to optimize
performance (Meeusen et al., 2013; Pereira et al., 2014; da Rocha
et al,, 2017), it is critical to contextualize the assessment of
inflammation-related miRNA with other assays concurrently.
miR-132 has also been shown to be enriched in the mammalian
brain and has been found to be highly conserved and enriched
in neurons (Cheng et al, 2007). miR-132 has also been
reported to participate in toll-like receptors responses and
potentiates anti-inflammatory signaling (Shaked et al., 2009). In
mammalian neurons, when miR-21 is aberrantly expressed, it
contributes to inflammatory disease and has proinflammatory
effects (Sheedy, 2015). A previous study showed that voluntary
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exercise suppresses miR-132 expression in the hippocampus of
SAMP8 mice, which is associated with cognitive improvement
(Dong et al., 2018). In addition, both exercise and tamoxifen
have synergistic effects in reducing the expression of miR-21
in an estrogen receptor-positive breast cancer model to reduce
mammary tumor burden in mice (Khori et al, 2015). These
studies suggest that exercise may have positive effects on
pathological conditions through the miR-132/miR-21 pathway.
However, these changes have not been found in the NT group in
normal mice. In addition, OT did not affect these two miRNAs
in the present study.

Taken together, our study showed that with regard to
the selected miRNA, only miR-34a was responsive to OT.
More importantly, the increase in miR-34a level in the
hippocampus in mice was accompanied by a decrease in motor
and memory performance, and be negatively correlated with
the expression of BDNF, which plays an essential role in
exercise-induced neuroplasticity (Szuhany et al., 2015), likely
indicating that miR-34a may be involved in the maladaptation
consequence of OT. Training-induced phenotypic maladaptation
is a consequence of repetitive stimulation from individual
exercise bouts. In addition, the body weight in the OT
group was unchanged in our study, although the low body
weight gain and food intake were related to exhaustive
training and OT (Pereira et al, 2015a). Thus, the precise
roles and activity of miR-34a in the hippocampus, which is
modulated by factors that control the expression of miR-34a,
as well as those of its downstream target genes and signaling
pathways, should be further investigated in relation to the
OT-response continuum.

CONCLUSION

Together, our findings of miR-34a-mediated BDNF changes
may provide new insight into the maladaptation physiological
responses to exercise and potentially make miR-34a a viable
target for monitoring OT.

REFERENCES

Agostini, M., Tucci, P., Steinert, J. R., Shalom-Feuerstein, R., Rouleau, M.,
Aberdam, D, et al. (2011). microRNA-34a regulates neurite outgrowth, spinal
morphology, and function. Proc. Natl. Acad. Sci. U S A 108, 21099-21104.
doi: 10.1073/pnas.1112063108

Baptista, P., and Andrade, J. P. (2018). Adult hippocampal neurogenesis:
regulation and possible functional and clinical correlates. Front. Neuroanat.
12:44. doi: 10.3389/fnana.2018.00044

Cheng, H. Y., Papp, J]. W., Varlamova, O., Dziema, H., Russell, B., Curfman, J. P.,
et al. (2007). microRNA modulation of circadian-clock period and
entrainment. Neuron 54, 813-829. doi: 10.1016/j.neuron.2007.05.017

Chou, W,, Liu, Y. F,, Lin, C. H,, Lin, M. T., Chen, C. C., Liu, W. P., et al. (2018).
Exercise rehabilitation attenuates cognitive deficits in rats with traumatic brain
injury by stimulating the cerebral HSP20/BDNF/TrkB signalling axis. Mol.
Neurobiol. 55, 8602-8611. doi: 10.1007/s12035-018-1011-2

Cooper, C., Moon, H. Y., and van Praag, H. (2018). On the run for
hippocampal plasticity. Cold Spring Harb. Perspect. Med. 8:a029736.
doi: 10.1101/cshperspect.a029736

da Rocha, A. L., Pereira, B. C, Pauli, J. R., Cintra, D. E., de Souza, C. T.,
Ropelle, E. R, et al. (2015). Downhill running-based overtraining protocol
improves hepatic insulin signaling pathway without concomitant decrease

DATA AVAILABILITY STATEMENT

All data generated during the current study are available from the
corresponding author upon reasonable request.

ETHICS STATEMENT

The procedures for care and use of animals strictly followed the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The protocol was approved by the Nanjing
University Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

LX, CZ, and JM designed the research. LX, YZ, and SW
performed the experiments, analyzed the data, and revised the
final manuscript with graveness. YZ, SX, DT, and XY helped with
sample collection, laboratory materials, and reagents. All authors
approved the final publication of this manuscript.

FUNDING

We acknowledge that this work was supported by the Research
Special Fund for PLA University of Science and Technology
(KYJYZLXY1603-9, 40), the Research Innovation Program
for College Graduates of Jiangsu Province (KYLX17_1369;
KYCX19_1471) and the Research Program for Military College
Graduates in China (2016]JY374).

ACKNOWLEDGMENTS

We thank Xin peng Zhang, Fei Hu and Jing Yang for
helpful comments on the manuscript. We would also like
to thank Jin Zhi Wang for his help with data collection
and organization.

of inflammatory proteins. PLoS One 10:€0140020. doi: 10.1371/journal.pone.
0140020

da Rocha, A. L., Pereira, B. C., Teixeira, G. R., Pinto, A. P., Frantz, F. G,
Elias, L. L. K., et al. (2017). Treadmill slope modulates inflammation, fiber
type composition, androgen, and glucocorticoid receptors in the skeletal
muscle of overtrained mice. Front. Immunol. 8:1378. doi: 10.3389/fimmu.2017.
01378

Domanska-Senderowska, D., Laguette, M. N., Jegier, A. Cigszczyk, P.,
September, A. V., and Brzezianska-Lasota, E. (2019). MicroRNA profile and
adaptive response to exercise training: a review. Int. J. Sports Med. 40, 227-235.
doi: 10.1055/a-0824-4813

Dong, J., Liu, Y., Zhan, Z., and Wang, X. (2018). MicroRNA-132 is associated with
the cognition improvement following voluntary exercise in SAMP8 mice. Brain
Res. Bull. 140, 80-87. doi: 10.1016/j.brainresbull.2018.04.007

Erickson, K. I, Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L.,
et al. (2011). Exercise training increases size of hippocampus and improves
memory. Proc. Natl. Acad. Sci. U S A 108, 3017-3022. doi: 10.1073/pnas.10159
50108

Fahimi, A., Baktir, M. A., Moghadam, S., Mojabi, F. S., Sumanth, K,
McNerney, M. W., et al. (2017). Physical exercise induces structural alterations
in the hippocampal astrocytes: exploring the role of BDNF-TrkB signaling.
Brain Struct. Funct. 222, 1797-1808. doi: 10.1007/s00429-016-1308-8

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2020 | Volume 13 | Article 7


https://doi.org/10.1073/pnas.1112063108
https://doi.org/10.3389/fnana.2018.00044
https://doi.org/10.1016/j.neuron.2007.05.017
https://doi.org/10.1007/s12035-018-1011-2
https://doi.org/10.1101/cshperspect.a029736
https://doi.org/10.1371/journal.pone.0140020
https://doi.org/10.1371/journal.pone.0140020
https://doi.org/10.3389/fimmu.2017.01378
https://doi.org/10.3389/fimmu.2017.01378
https://doi.org/10.1055/a-0824-4813
https://doi.org/10.1016/j.brainresbull.2018.04.007
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1007/s00429-016-1308-8
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Xu et al.

Brain-Specific MicroRNA-34a and Excessive Training

Fernandes, J., Vieira, A. S., Kramer-Soares, J. C., Da Silva, E. A., Lee, K. S.,
Lopes-Cendes, 1., et al. (2018). Hippocampal microRNA-mRNA regulatory
network is affected by physical exercise. Biochim. Biophys. Acta Gen. Subj. 1862,
1711-1720. doi: 10.1016/j.bbagen.2018.05.004

Firth, J., Stubbs, B., Vancampfort, D., Schuch, F., Lagopoulos, J., Rosenbaum, S.,
et al. (2018). Effect of aerobic exercise on hippocampal volume in humans: a
systematic review and meta-analysis. NeuroImage 166, 230-238. doi: 10.1016/j.
neuroimage.2017.11.007

Hamilton, G. F., and Rhodes, J. S. (2015). Exercise regulation of cognitive function
and neuroplasticity in the healthy and diseased brain. Prog. Mol. Biol. Transl.
Sci. 135, 381-406. doi: 10.1016/bs.pmbts.2015.07.004

Hill, T., and Polk, J. D. (2019). BDNF, endurance activity, and mechanisms
underlying the evolution of hominin brains. Am. J. Phys. Anthropol. 168, 47-62.
doi: 10.1002/ajpa.23762

Horst, C. H., Titze-de-Almeida, R., and Titze-de-Almeida, S. S. (2017). The
involvement of Eagl potassium channels and miR-34a in rotenone-induced
death of dopaminergic SH-SY5Y cells. Mol. Med. Rep. 15, 1479-1488.
doi: 10.3892/mmr.2017.6191

Huang, E. J, and Reichardt, L. F. (2001). Neurotrophins: roles in
neuronal development and function. Annu. Rev. Neurosci. 24, 677-736.
doi: 10.1146/annurev.neuro.24.1.677

Huang, E. ., and Reichardt, L. F. (2003). Trk receptors: roles in neuronal signal
transduction. Annu. Rev. Biochem. 72, 609-642. doi: 10.1146/annurev.biochem.
72.121801.161629

Khori, V., Amani Shalamzari, S., Isanejad, A., Alizadeh, A. M., Alizadeh, S.,
Khodayari, S., et al. (2015). Effects of exercise training together with tamoxifen
in reducing mammary tumor burden in mice: possible underlying pathway
of miR-21. Eur. ]. Pharmacol. 765, 179-187. doi: 10.1016/j.ejphar.2015.
08.031

Kou, X,, Li, J., Liu, X., Chang, J., Zhao, Q., Jia, S., et al. (2017). Swimming
attenuates d-galactose-induced brain aging via suppressing miR-34a-mediated
autophagy impairment and abnormal mitochondrial dynamics. J. Appl. Physiol.
122, 1462-1469. doi: 10.1152/japplphysiol.00018.2017

Kovalchuk, Y., Hanse, E., Kafitz, K. W., and Konnerth, A. (2002). Postsynaptic
induction of BDNF-mediated long-term potentiation. Science 295, 1729-1734.
doi: 10.1126/science.1067766

Kuipers, H., Verstappen, F. T., Keizer, H. A., Geurten, P., and van Kranenburg, G.
(1985). Variability of aerobic performance in the laboratory and its
physiologic correlates. Int. J. Sports Med. 6, 197-201. doi: 10.1055/s-2008-10
25839

Levi-Montalcini, R. (1987). The nerve growth factor 35 years later. Science 237,
1154-1162. doi: 10.1126/science.3306916

Liu, Y. F,, Chen, H. I, Yu, L., Kuo, Y. M., Wu, F. S,, Chuang, J. I, et al. (2008).
Upregulation of hippocampal TrkB and synaptotagmin is involved in treadmill
exercise-enhanced aversive memory in mice. Neurobiol. Learn. Mem. 90, 81-89.
doi: 10.1016/j.n1m.2008.02.005

Liu, P. Z., and Nusslock, R. (2018). Exercise-mediated neurogenesis in the
hippocampus via BDNF. Front. Neurosci. 12:52. doi: 10.3389/fnins.2018.00052

Loprinzi, P. D. (2019). Does brain-derived neurotrophic factor mediate the effects
of exercise on memory? Phys. Sportsmed. 47, 395-405. doi: 10.1080/00913847.
2019.1610255

Meeusen, R., Duclos, M., Foster, C., Fry, A., Gleeson, M., Nieman, D., et al.
(2013). Prevention, diagnosis, and treatment of the overtraining syndrome:
joint consensus statement of the European college of sport science and the
american college of sports medicine. Med. Sci. Sports Exerc. 45, 186-205.
doi: 10.1249/mss.0b013e318279al10a

Morris, R. (1984). Developments of a water-maze procedure for studying spatial
learning in the rat. J. Neurosci. Methods 11, 47-60. doi: 10.1016/0165-
0270(84)90007-4

Pan-Vazquez, A., Rye, N, Ameri, M., McSparron, B, Smallwood, G.,
Bickerdyke, J., et al. (2015). Impact of voluntary exercise and housing
conditions on hippocampal glucocorticoid receptor, miR-124 and anxiety. Mol.
Brain 8:40. doi: 10.1186/s13041-015-0128-8

Pereira, B. C., da Rocha, A. L., Pauli, . R, Ropelle, E. R., de Souza, C. T,
Cintra, D. E., et al. (2015a). Excessive eccentric exercise leads to transitory
hypothalamic inflammation, which may contribute to the low body weight gain
and food intake in overtrained mice. Neuroscience 311, 231-242. doi: 10.1016/j.
neuroscience.2015.10.027

Pereira, B. C., Lucas, G., da Rocha, A. L., Pauli, J. R., Ropelle, E. R, Cintra, D., et al.
(2015b). Eccentric exercise leads to glial activation but not apoptosis in mice
spinal cords. Int. J. Sports Med. 36, 378-385. doi: 10.1055/s-0034-1395589

Pereira, B. C,, Filho, L. A,, Alves, G. F,, Pauli, J. R,, Ropelle, E. R,, Souza, C. T.,
et al. (2012). A new overtraining protocol for mice based on downhill running
sessions. Clin. Exp. Pharmacol. Physiol. 39, 793-798. doi: 10.1111/j.1440-1681.
2012.05728.x

Pereira, B. C., Pauli, J. R., de Souza, C. T., Ropelle, E. R, Cintra, D. E., Rocha, E. M.,
et al. (2014). Nonfunctional overreaching leads to inflammation and myostatin
upregulation in swiss mice. Int. J. Sports Med. 35, 139-146. doi: 10.1055/s-0033-
1349077

Saadipour, K., MacLean, M., Pirkle, S., Ali, S., Lopez-Redondo, M. L., Stokes, D. L.,
et al. (2017). The transmembrane domain of the p75 neurotrophin receptor
stimulates phosphorylation of the TrkB tyrosine kinase receptor. J. Biol. Chem.
292, 16594-16604. doi: 10.1074/jbc.m117.788729

Shaked, I., Meerson, A., Wolf, Y., Avni, R., Greenberg, D., Gilboa-Geffen, A., et al.
(2009). MicroRNA-132 potentiates cholinergic anti-inflammatory signaling by
targeting acetylcholinesterase. Immunity 31, 965-973. doi: 10.1016/j.immuni.
2009.09.019

Sheedy, F. J. (2015). Turning 21: induction of miR-21 as a key switch in the
inflammatory response. Front. Immunol. 6:19. doi: 10.3389/fimmu.2015.00019

Skaper, S. D. (2018). Neurotrophic factors: an overview. Methods Mol. Biol. 1727,
1-17. doi: 10.1007/978-1-4939-7571-6_1

Slota, J. A., and Booth, S. A. (2019). MicroRNAs in neuroinflammation:
implications in disease pathogenesis, biomarker discovery and therapeutic
applications. Noncoding. RNA 5:E35. doi: 10.3390/ncrna5020035

Sun, Y., Luo, Z. M., Guo, X. M,, Su, D. F,, and Liu, X. (2015). An updated role
of microRNA-124 in central nervous system disorders: a review. Front. Cell.
Neurosci. 9:193. doi: 10.3389/fncel.2015.00193

Szuhany, K. L., Bugatti, M., and Otto, M. W. (2015). A meta-analytic review of the
effects of exercise on brain-derived neurotrophic factor. J. Psychiatr. Res. 60,
56-64. doi: 10.1016/j.jpsychires.2014.10.003

Venezia, A. C., Quinlan, E., and Roth, S. M. (2017). A single bout of exercise
increases hippocampal Bdnf: influence of chronic exercise and noradrenaline.
Genes Brain Behav. 16, 800-811. doi: 10.1111/gbb.12394

Voss, M. W,, Soto, C., Yoo, S., Sodoma, M., Vivar, C., and van Praag, H. (2019).
Exercise and hippocampal memory systems. Trends Cogn. Sci. 23, 318-333.
doi: 10.1016/j.tics.2019.01.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Xu, Zheng, Yin, Xu, Tian, Zhang, Wang and Ma. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2020 | Volume 13 | Article 7


https://doi.org/10.1016/j.bbagen.2018.05.004
https://doi.org/10.1016/j.neuroimage.2017.11.007
https://doi.org/10.1016/j.neuroimage.2017.11.007
https://doi.org/10.1016/bs.pmbts.2015.07.004
https://doi.org/10.1002/ajpa.23762
https://doi.org/10.3892/mmr.2017.6191
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1016/j.ejphar.2015.08.031
https://doi.org/10.1016/j.ejphar.2015.08.031
https://doi.org/10.1152/japplphysiol.00018.2017
https://doi.org/10.1126/science.1067766
https://doi.org/10.1055/s-2008-1025839
https://doi.org/10.1055/s-2008-1025839
https://doi.org/10.1126/science.3306916
https://doi.org/10.1016/j.nlm.2008.02.005
https://doi.org/10.3389/fnins.2018.00052
https://doi.org/10.1080/00913847.2019.1610255
https://doi.org/10.1080/00913847.2019.1610255
https://doi.org/10.1249/mss.0b013e318279a10a
https://doi.org/10.1016/0165-0270(84)90007-4
https://doi.org/10.1016/0165-0270(84)90007-4
https://doi.org/10.1186/s13041-015-0128-8
https://doi.org/10.1016/j.neuroscience.2015.10.027
https://doi.org/10.1016/j.neuroscience.2015.10.027
https://doi.org/10.1055/s-0034-1395589
https://doi.org/10.1111/j.1440-1681.2012.05728.x
https://doi.org/10.1111/j.1440-1681.2012.05728.x
https://doi.org/10.1055/s-0033-1349077
https://doi.org/10.1055/s-0033-1349077
https://doi.org/10.1074/jbc.m117.788729
https://doi.org/10.1016/j.immuni.2009.09.019
https://doi.org/10.1016/j.immuni.2009.09.019
https://doi.org/10.3389/fimmu.2015.00019
https://doi.org/10.1007/978-1-4939-7571-6_1
https://doi.org/10.3390/ncrna5020035
https://doi.org/10.3389/fncel.2015.00193
https://doi.org/10.1016/j.jpsychires.2014.10.003
https://doi.org/10.1111/gbb.12394
https://doi.org/10.1016/j.tics.2019.01.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Excessive Treadmill Training Enhances Brain-Specific MicroRNA-34a in the Mouse Hippocampus
	INTRODUCTION
	MATERIALS AND METHODS
	Experimental Animals
	Acclimatization and Incremental Load Test (ILT)
	Running OT Protocol and Performance Evaluation
	Morris Water Maze Test
	Hippocampus Extraction and Immunoblotting Analysis
	RNA Isolation
	Quantitative Real-Time PCR (qRT-PCR)
	Statistical Analyses

	RESULTS
	Bodyweight and Incremental Load Test
	Morris Water Maze Performance
	Expression of mRNA
	Protein Expression and Phosphorylation Level in the Hippocampus
	The Relative Levels of miRNAs in the Hippocampus

	DISCUSSION
	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


