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Abstract
Physical exercise (PE) is an effective method for improving cognitive function among patients with traumatic brain injury (TBI).
We previously demonstrated that PE with an infrared-sensing running wheel (ISRW) system provides strong neuroprotection in
an experimental animal model of stroke. In this study, we used fluid percussion injury in rats to simulate mild TBI. For rats, we
used both passive avoidance learning and the Y-maze tests to evaluate cognitive function. We investigated whether PE rehabil-
itation attenuated cognitive deficits in rats with TBI and determined the contribution of hippocampal and cortical expression of heat
shock protein 20 (HSP20) to PE-mediated cognitive recovery. In addition to increasing hippocampal and cortical expression of
HSP20, brain-derived neurotrophic factor (BDNF), and the tropomyosin receptor kinase B (TrkB) ratio, PE rehabilitation significantly
attenuated brain contusion and improved cognitive deficits in the rat model. Furthermore, reducing hippocampal and cortical expres-
sion of HSP20 with an intracerebral injection of pSUPER hsp20 small interfering RNA significantly diminished the PE-induced
overexpression of hippocampal and cortical BDNF and the TrkB ratio and also reversed the beneficial effect of PE in reducing
neurotrauma and the cognitive deficits. A positive Pearson correlation was found between HSP20 and BDNF, as well as between
HSP20 and TrkB, in the hippocampal and cortical tissues. We thus conclude that post-ischaemic ISRW exercise rehabilitation
attenuates cognitive deficits, as well as brain contusions, in TBI rats by stimulating the cerebral HSP20/BDNF/TrkB signalling axis.
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Introduction

Approximately 75% of all cases of traumatic brain injury
(TBI) are mild but cause cognitive deficits [1–3]. The im-
provements induced by physical exercise (PE) regimens in
brain plasticity and neurocognitive performance are evident
in those afflicted by TBI [4]. Indeed, early exercise rehabili-
tation improves cognitive function among patients with TBI
[5, 6]. In rats with TBI, exercise attenuates cognitive deficits
by stimulating hippocampal brain-derived neurotrophic factor
(BDNF)/tropomyosin receptor kinase B (TrkB) activation [7,
8]. Compared to the control group, rats with TBI in the exer-
cise group have a shorter latency to locating a platform and
demonstrate a marked improvement in spatial memory in the
Morris water maze [8, 9]. However, it is not known whether
PE training (or rehabilitation) improves both passive avoid-
ance learning and spatial memory in the Y-maze in rats with
TBI, and via what neural mechanisms.
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Heat shock protein 20 (HSP20), one of the small HSPs,
plays an important role in modulating physiological condi-
tions and pathological processes [10]. HSP20 protects against
the Golgi fragmentation and apoptosis induced by oxygen-
glucose deprivation/reperfusion in mouse neuroblastoma cells
[11]. In addition, pre-ischaemic treadmill exercise improves
the outcomes of ischaemic stroke in rats by increasing the
numbers of HSP20-containing neurons and glia [12].
However, it is unknown whether PE training or rehabilitation
attenuates TBI-induced cognitive deficits by stimulating hip-
pocampal and cortical HSP20/BDNF/TrkB activation.

A recent study by our research group demonstrated that for a
given exercise intensity, PE training with an infrared-sensing
running wheel (ISRW) system with an effective exercise activ-
ity indicator provided greater neuroprotection in an animal
stroke model than did a conventional treadmill or motorised
running wheel [13]. In the present study, we extend this previ-
ous work by elucidating whether TBI causes cognitive deficits
and associated decreases in hippocampal and cortical expres-
sion of HSP20/BDNF/TrkB in rats. In addition, we investigated
whether PE rehabilitation with an ISRW system reduces cogni-
tive deficits in rats following TBI, and whether any such result
is mediated by an increase in hippocampal and cortical expres-
sion of HSP20/BDNF/TrkB. Finally, we investigated whether
the beneficial effects of PE training in attenuating cognitive
deficits following TBI can be reversed by depleting hippocam-
pal and cortical expression of HSP20 by gene silencing [12].

A recent double-blind, placebo-controlled study has dem-
onstrated that N-acetyl cysteine ameliorates acute sequelae of
blast-induced mild traumatic brain injury [14]. A more recent
study, using fluid percussion injury (FPI), N-acetyl cysteine
also produces significant cognitive recovery after TBI in rats
[15]. Therefore, in the present study, FPI was chosen to sim-
ulate mild TBI. For rats, we used Y-maze and passive avoid-
ance learning to evaluate cognitive function.

Methods

Animals

Male Sprague-Dawley rats, each weighing 251–278 g, were
housed in standard cages and were provided food and water ad
libitum. The Institutional Animal Care and Use Committee at
Chi Mei Medical Center approved all experimental proce-
dures (IACUC approved number 105110328). All protocols
were designed to minimise pain and discomfort during both
the injury procedure and recovery.

Fluid Percussion Injury

All rats were surgically prepared for lateral FPI in accordance
with the methodology detailed previously [16–18]. Eighty

animals underwent sham procedures, and the remaining 80
receivedmild (1.8 to 2.0 atm) FPI. All animals were surgically
prepared for lateral FPI under a mixture of ketamine (44 mg/
kg, intramuscularly (i.m.); Nankuang Pharmaceutical, Tainan,
Taiwan), atropine (0.062633 mg/kg, i.m.; Sintong Chemical
Ind. Co., Taoyuan, Taiwan), and xylazine (6.77 mg/kg, i.m.;
Bayer, Leverkusen, Germany) anaesthesia. A 2-mm diameter
burr hole was performed 4 mm posterior to bregma and 3 mm
from sagittal sutures in the right parietal cortex, and a Luer-
lock hub was affixed to the perimeter of the burr hole using
cyanoacrylate. Dental acrylic and two small nickel-plated
screws were used to anchor a hut to the stull. One day later,
the rat was anaesthetized at the time of injury, the surgical site
was exposed, and the rat was connected to the injury device.
The force of the FPI caused a mild degree of contusion vol-
ume [~ 150 mm3] in the ipsilateral brain. Post impact seizures
were observed immediately after the induction of lateral FPI in
∼ 30% of rats and lasted for 10–15 s. Other aspects of TBI
were reproduced by lateral FPI, such as haematoma which
occurred at the grey-white matter interface, acute apnoea (typ-
ically 10–60 s), intracranial hypertension, bradycardia,
hyperglycaemia, and suppressed electroencephalogram am-
plitude [19]. Sham operation was connected to the injury de-
vice, but no injury was delivered. NSAIDs were used for
postoperative analgesia. No animals died during the
procedure.

Depletion of Cerebral HSP20 with Gene Silencing

During FPI surgery, a microinfusion pump injected an intra-
cerebral dose of recombinant pSUPER plasmid expressing
HSP20-small interfering RNA (HSP20-RNAi; 5 μg/rat) in
5 μL of pSUPER-small interfering RNA delivery media
(Vector) into the cerebral cortex at a rate of 0.5 μL/min [12].
We lowered an injecting cannula into the ipsilateral cerebral
cortex based on the coordinates of 1.2 mm anterior to bregma,
4.6 mm lateral to the midline, and 3.0 mm ventral to the skull
surface [15].

Infrared-Sensing Running Wheel System

The ISRW system is an effective exercise activity indicator
that provides superior exercise training to commercially avail-
able traditional animal running platforms [13]. All animals
were pre-trained with the ISRW at a speed of 20 m/min for
three consecutive days (10 min/day) before surgery.
Automatic mode training began on the fourth day after induc-
tion of TBI and lasted for 3 weeks. In the first, second, and
third weeks, PE-treated rats were taught to run for 30 min at
20 m/min, for 30 min at 30 m/min, and for 60 min at 30 m/
min, respectively. The sedentary control groups were placed
on a stationary ISRW for individual durations but did not run.
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Experimental Groups and Procedures

As shown in Table 1, we randomly assigned the animals
into one of the following eight groups (n = 10 for each
group): (i) sedentary (Sed)-treated sham controls that re-
ceived siRNA-vector (Sham+Vector+Sed); (ii) PE-treated
sham controls that received siRNA-vector (Sham+Vector+
PE); (iii) PE-treated sham controls that received HSP20-
RNAi (Sham+HSP20-RNAi+PE); (iv) Sed-treated sham
controls that received HSP20-RNAi (Sham+HSP20-
RNAi+Sed); (v) Sed-treated TBI rats that received
siRNA-vector (TBI+Vector+Sed); (vi) PE-treated TBI rats
that received siRNA-vector (TBI+Vector+PE); (vii) PE-
treated TBI rats that received HSP20-RNAi (TBI+
HSP20-RNAi+ PE); and (viii) Sed-treated TBI rats that
received HSP20-RNAi (TBI+HSP20-RNAi+Sed).

In experiment 1, which was conducted in all groups, we
performed both passive avoidance and spatial memory tests to
evaluate cognitive function.

In experiment 2, the optical density values for HSP20,
BDNF, and TrkB in the ipsilateral hippocampal and cortical
tissues were determined 28 days after a TBI or sham operation
in all groups.

In experiment 3, we evaluated the cerebral contusion vol-
umes with the triphenyl tetrazolium chloride (TTC) staining
procedure.

Passive Avoidance Learning Test and Y-Maze Test

At 1 day after each rat had become habituated in a training
apparatus, we performed an acquisition trial for each rat, as
previously described [20]. A single, inescapable scrambled
electric shock was delivered for 3 s after the rat entered the dark
chamber. The latency to entering the dark compartment from
the light compartment was defined as the testing latency. Each
rat was scored on day 28 post-FPI. The Y-maze test was

performed at 28 days post-injury in rats as previously described
[21]. For each rat during one Y-maze testing session, the laten-
cy to enter the correct arm (time of reaction) was measured and
the number of wrong entries (error number) was counted.

Western Blotting

We homogenised the cortical and the hippocampal tissue sam-
ple obtained on day 28 after FPI in a lysis buffer at 4 °C and
determined the total protein concentration using a bovine se-
rum standard curve as a reference. Sample protein concentra-
tions were measured using the Lowry method (DC protein
assay kit, Bio-Rad, Hercules, CA, USA). We normalised each
blot to its corresponding β-actin value. A total of 40 μg of
pro te in was eva lua ted via 10% SDS-PAGE and
electrotransferred onto a nitrocellulose membrane. The mem-
brane was incubated with anti-HSP20 (1:1000; catalog #
ab13491, Abcam Inc., Boston, MA, USA), anti-BDNF
(1:1000; catalog # ab108319, Abcam Inc., Boston, MA,
USA), anti-TrkB (1:500; catalog # AF1494, R&D Systems,
Inc., Minneapolis, MN, USA), or anti-β-actin (1:3000; cata-
log # MAB1501, EMD Millipore, Billerica, MA, USA) anti-
bodies overnight at 4 °C, followed by a horseradish peroxi-
dase (HRP)-conjugated anti-goat IgG antibody (1:2000 dilu-
tion; Cat# HAF109; R&D Systems) or rabbit IgG HRP-
conjugated antibody (1:2000 dilution; Cat# HAF008; R&D
Systems). The ratios of the actin values expressed the relative
values of the band intensity. Relative expression was
expressed as a percentage of the Sham+Vector+Sed group,
as presented in the histograms.

Cerebral Contusion Assay

At 28 days after the rats had undergone FPI, we removed brain
tissues from deeply anaesthetised animals, immersed the tis-
sues in cold saline for 5 min, and sliced them into 2.0-mm

Table 1 Experimental groups
included in the study Experimental group Biochemical, histological, and functional assessments

Sham operation

1. Sham+Vector+Sed 1. Western blotting: HSP20, BDNF, and TrkB

2. Passive avoidance learning test

3. Y-amaze test

4. Cerebral contusion assay

5. Correlation between HSP20 and BDNF, and HSP20 and TrkB

2. Sham+Vector+PE

3. Sham+HSP20-RNAi+PE

4. Sham+HSP20-RNAi+Sed

Traumatic brain injury (TBI)

1. TBI+Vector+Sed

2. TBI+Vector+PE

3. TBI+HSP20-RNAi+PE

4. TBI+HSP20-RNAi+Sed

Sed sedentary, PE physical exercise, Vector pSUPER-small interfering RNA delivery media, HSP20-RNAi
pSUPER HSP20 small interfering RNA
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sections with a tissue slicer. We adopted TTC staining proce-
dures to evaluate the cerebral contusion volume as described
previously [22], which was expressed in mm3 for all brain
slices.

Statistical Analysis

Results are expressed as the mean ± SD. Behavioural data
were tested for normality (D’Agostino and Pearson omni-
bus normality test) and skewness using GraphPad Prism
7.01 (Graph Pad Sofware, San Diego, CA, USA). The
statistical analysis was carried out using repeated mea-
sures ANOVA and non-parametric Kruskal-Wallis and
Mann-Whitney tests. The relationship between HSP20
and BDNF were analysed by calculating Pearson
product-moment correlation coefficient. A statistical P
value less than 0.05 was considered significant.

Results

HSP20, BDNF, and TrkB Levels Were Higher in PE Rats
but Lower in TBI Rats

Western blotting showed that the hippocampal and cortical
levels of HSP20, BDNF, and TrkB in the Sham+Vector+PE
group were significantly higher than those in the Sham+
Vector+Sed group (all comparisons, P < 0.05). In the TBI+
Vector+Sed group, the hippocampal and cortical levels of
HSP20, BDNF, and TrkB were significantly lower than those
in the Sham+Vector+Sed group rats (all, P < 0.05; Fig. 1). The
TBI-induced reduction in the hippocampal and cortical levels
of HSP20, BDNF, and TrkB was significantly attenuated by
PE (all, P < 0.05; Fig. 1) but significantly exacerbated by gene
silencing withHSP20-RNAi (all, P < 0.05; Fig. 1). In addition,
the beneficial effects of PE in attenuating the reduction in
hippocampal and cortical HSP20, BDNF, and TrkB levels
following TBI were significantly reversed by gene silencing
with HSP20-RNAi (all, P < 0.05; Fig. 1).

HSP20-Mediated PE Prevented Cognitive Deficits
in TBI Rats

The results of behavioural testing are shown in both Figs. 2
and 3. Figure 2 shows both the pre-shock latency (acquisition
time) and 24-h post-shock latency (retention time) for all
groups in passive avoidance learning test. No between-group
differences were found for acquisition time (P > 0.05) sug-
gesting short-term memory (1.5-h post-test) was unaffected
by TBI. However, both the Sham+HSP20-RNAi+Sed and
TBI+Vector+Sed groups had significantly shorter retention

�Fig. 1 Effect of physical exercise (PE) and/or traumatic brain injury
(TBI) on HSP20, BDNF, and TrkB expression in both the hippocampus
and the frontal cortex of the ipsilateral brain in rats with or without
traumatic brain injury (TBI). Please see the BExperimental Groups and
Procedures^ section for the explanation of the group abbreviations.
Values represent the mean ± SD of three separate experiments 28 days
post-TBI. *P < 0.05, Sham+Vector+PE group vs. Sham+Vector+Sed
group or TBI + Vector + PE group vs. TBI+Vector+Sed group.
+P < 0.05, Sham+HSP20-RNAi+PE group vs. Sham+Vector+PE group;
or TBI+HSP20-RNAi+PE group vs. TBI+Vector+PE group. #P < 0.05,
Sham+HSP20-RNAi +Sed group vs. Sham+Vector+Sed group; or TBI+
HSP20-RNAi+Sed group vs. Sham+Vector+Sed group. §P < 0.05, TBI+
HSP20-RNAi+Sed group vs. Sham+HSP20-RNAi+Sed group; or TBI+
HSP20-RNAi+Sed group vs. TBI+Vector+Sed group rats. Each group
contains 10 animals

Fig. 2 Comparison of latency to entering the dark chamber before
receiving the foot shock (acquisition time) and 24 h after receiving the
foot shock (retention time). Each column and bar represent the mean ± SD
of 20 rats per group. *P < 0.05 for the Sham+HSP20-RNAi+Sed group or
the TBI+Vector+Sed group vs. the Sham+Vector+Sed group rats.
+P < 0.05 for the TBI+Vector+PE group vs. the TBI+Vector+Sed group.

#P < 0.01 for the TBI+HSP20-RNAi+PE group vs. TBI+Vector+PE
group. §P < 0.01 for the TBI+HSP20-RNAi+Sed group vs. the Sham+
HSP20-RNAi+Sed or the TBI+HSP20-RNAi+PE group. Please see the
BExperimental Groups and Procedures^ section for the explanations of
the group abbreviations
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times than the Sham+Vector+Sed group (P < 0.05).
Additionally, the TBI+HSP20-RNAi+Sed group had a signif-
icantly shorter retention time than did the Sham+HSP20-
RNAi+PE or the TBI+HSP20-RNAi+PE groups. The results
revealed that depletion of HSP20 or TBI alone significantly
attenuated passive avoidance learning, whereas combined
HSP20-RNAi and TBI caused a more severe impairment in
passive avoidance learning. The TBI-induced passive avoid-
ance learning deficits were significantly attenuated by PE.
However, the beneficial effects of PE in improving passive
avoidance learning at 28 days post-TBI were significantly
abolished by depleting brain HSP20 with gene silence
(Fig. 2). Figure 3 shows the effect of HSP20-RNAi and/or
PE on spatial memory function in rats 28 days after TBI.
The Y-maze test results showed that the TBI rats or the rats
treated with HSP20-RNAi had a deficit in spatial memory
(time of reaction prolonged in Fig. 3a and error number

increased in Fig. 3b) compared with the sham controls at
28 days after injury. Combined TBI and HSP20-RNAi caused
an additional impairment in spatial memory deficits. The spa-
tial memory impairment caused by TBI could be prevented by
PE. Furthermore, attenuating the beneficial effects exerted by
PE byHSP20-RNAi indicates that PE improved cognitive def-
icits in TBI rats by increasing cortical HSP20, BDNF, and
TrkB signalling pathways.

HSP20-Mediated PE Attenuated Cerebral Contusion
Volume in TBI Rats

Figure 4 shows between-group differences in cerebral contu-
sion volumes of the ipsilateral side but not in those of the
contralateral side. The TBI+Vector+Sed group had signifi-
cantly larger cerebral contusion volumes in the ipsilateral side
than did the sham counterparts (P < 0.01). Compared to the

Fig. 3 Effect of PE and/or
HSP20-RNAi on learning and
spatial memory in rats 28 days
after TBI. We determined the a
latency to enter the correct arm
(time of reaction) and b the
number of wrong entries (error
number) in the Y-maze. Each
column and bar denote the mean
± SD of 20 rats per group.
*P < 0.05 for the Sham+HSP20-
RNAi+Sed group or the TBI+
Vector+Sed group vs. the Sham+
Vector+Sed group rats. +P < 0.05
for the TBI+Vector+PE group vs.
the TBI+Vector+Sed group.
#P < 0.01 for the TBI+HSP20-
RNAi+PE group vs. TBI+Vector+
PE group. §P < 0.01 for the TBI+
HSP20-RNAi+Sed group vs. the
TBI+Vector+Sed or the TBI+
HSP20-RNAi+PE group. Please
see the BExperimental Groups
and Procedures^ section for the
explanations of the group
abbreviations
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TBI+Vector+Sed group, the corresponding TBI+Vector+PE
group had significantly smaller cerebral contusion volumes.
The TBI+HSP20-RNAi+PE group had significantly larger ce-
rebral contusion volumes than did the TBI+Vector+PE group
(P < 0.05). However, the TBI+HSP20-RNAi+Sed group had
significantly larger cerebral contusion volumes than did the
TBI+Vector+PE group. These results reveal that PE attenuated
the cerebral contusion volumes and that hippocampal deple-
tion of HSP20 with gene silencing increased the volumes. In
addition, depletion of hippocampal HSP20 with gene silenc-
ing reversed the beneficial effects of PE in reducing the cere-
bral contusion volumes.

Correlations Between HSP20/BDNF and HSP20/TrkB

We found a positive correlation (Fig. 5) between the hippo-
campal and cortical levels of HSP20 and BDNF, as well as
between levels of HSP20 and TrkB (measured by western
blotting, Fig. 1) in the ipsilateral brain regions.

Discussion

The majority of individuals who experience TBI are mild [17].
In rats, mild (1.8–2.2 atm) FPI has been found to cause pro-
found impairment of spatial learning and short-term memory
accompanied by visible neuronal loss in the hippocampus or
neocortex [17, 18]. Examination of fractional anisotropy colour
maps after diffusion tensor imaging suggested axonal injury in
rats with FPI [23]. The present study showed that FBI caused
brain contusion and cognitive dysfunction evidenced by pas-
sive avoidance learning and spatial memory impairments in
rats. Generation of a protocol, similar to a recent clinical trial
with N-acetyl cysteine in blast-induced mild TBI in a battle-
field setting [14], produces significant behavioural recovery
after mild fluid percussion injury in rats [15]. These findings
are consistent with the neuropathologies and cognitive dys-
functions associated with mild TBI among humans [24].

The most striking findings of the present study were that
TBI may cause both brain contusion and cognitive deficits in

Fig. 4 TBI-induced brain
contusion. a The tetrazolium
chloride (TTC) stains are
representative of the brain
contusion results. b Data are
presented as the mean ± SD (n =
10 per group). *P < 0.001 for
TBI+Vector+Sed group rats vs.
the Sham+Vector+Sed group rats.
#P < 0.001 for TBI+Vector+PE
vs. TBI+Vector+Sed. +P < 0.001
for the TBI+HSP20-RNAi+PE
group rats vs. the TBI+Vector+PE
group rats. §P < 0.001 for the
TBI+HSP20-RNAi+ Sed group
rats vs. the TBI+Vector+PE group
rats
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rats by reducing hippocampal expression of HSP20 and
BDNF. We found that PE with an improved ISRW system
with an effective exercise activity indicator [13], in addition
to inducing hippocampal and cortical expression of HSP20/
BDNF/TrkB, significantly attenuated the brain contusion vol-
ume and cognitive deficits in a rat model of TBI. By contrast,
depletion of the cerebral levels of HSP20/BDNF/TrkBwith an
intracerebral injection of pSUPER plasmid expressing
HSP20-small interfering RNA (HSP20-RNAi) significantly
reversed the beneficial effects of physical rehabilitation on
TBI. Our data therefore indicate that post-TBI running
wheel exercise attenuates cognitive deficits following
mild TBI in rats by increasing hippocampal and cortical
expression of HSP20/BDNF/TrkB. The present results are
partly consistent with previous findings that low-intensity
treadmill exercise attenuated spatial memory deficits fol-
lowing a severe controlled cortical impact in rats [8, 9]. It
is believed that treadmill exercise may improve cognitive
function by increasing the expression of BDNF in the
hippocampus in rats with TBI [8, 25, 26].

Brain-derived neurotrophic factor (BDNF) and its func-
tional receptor tropomyosin-related kinase B (TrkB) have
been proposed to promote neuronal survival and synaptic
plasticity in neurodegenerative disease [27, 28]. Systemic ad-
ministration of BDNF and intracerebral injection of BDNF
before and after cerebral ischaemia all significantly reduced
infarct volumes [29, 30]. Another line of evidence from both
humans and experimental animal models indicates that, fol-
lowing TBI, amyloid-β (Aβ) peptides and tau proteins accu-
mulate in the brain and cerebrospinal fluid [31]. Smile

plaques, cerebral amyloid, and cerebral amyloid angiopathies
mainly consist of aggregated Aβ [32, 33]. Thus, TBI acts an
important risk factor for Alzheimer’s disease [31]. In
Alzheimer’s disease brains, HSP20 inhibits amyloid-beta pro-
tein aggregation and cerebrovascular amyloid-beta protein
toxicity [33, 34]. The phosphorylation of HSP20 enhances
its association with Aβ to increase protection against neuronal
cell death [35]. TrkB receptors and BDNF function can be
downregulated by Aβ accumulation [28]. Our present results
further demonstrate that increasing cortical expression of
HSP20 with PE attenuates TBI-induced cognitive deficits by
increasing cortical BDNF and the TrkB ratio expression in
rats.We also find a positive Pearson correlation exists between
partial and hippocampal HSP20 and BDNF as well as be-
tween cortical and hippocampal HSP20 and TrkB ratio in rats.
Putting these observations together, it seems that TBI causes
cognitive deficits in rats by increasing cortical and hippocam-
pal expression of Aβ but decreasing cortical and hippocampal
expression of HSP20/BDNF/TrkB. Additionally, PE may im-
prove cognitive deficits following TBI in rats by reversing the
altered cortical and hippocampal expression of Aβ and
HSP20/BDNF/TrkB. Of course, the hypothesis requires fur-
ther vilification in future.

However, it should be stressed that high-intensity treadmill
exercise does not attenuate cognitive deficits in rats following
compact cortical injury [8] or FPI [35]. Moreover, wheel-
running exercise adopted in the early phase following FPI
can impair cognitive performance in rats [26]. It is possible
that high-intensity treadmill exercise or running wheel exer-
cise [26] behaves as a stressor and downregulates

Fig. 5 Pearson correlations
between the levels of HSP20 and
BDNF in the hippocampus (a)
and in the frontal cortex (b), as
well as the levels of HSP20 and
TrkB in the hippocampus (c) and
in the frontal cortex (d). Data
obtained from each group (n = 10
per group)
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hippocampal expression of BDNF, as well as hippocampal
plasticity. By contrast, ISRW exercise acts as a stimulator
and upregulates hippocampal expression of HSP20/BDNF/
TrkB, which reverses TBI-induced cognitive deficits, as
shown in the present study. This contention is supported by
many previous findings. For example, BDNF facilitates the
growth, proliferation, and differentiation of hippocampal neu-
rons; synaptic plasticity; and cognitive function [36, 37]. In
addition, TBI causes massive neuronal death in the hippocam-
pus, which results in cognitive dysfunction [25].

Our previous study showed that the ISRW system provides
more effective exercise training for neuroprotection against
and recovery from ischaemic stroke in animal models than
does the same training intensity on a treadmill exercise or a
motorised running wheel exercise [13]. Therefore, the ISRW
system provides a more efficient exercise-training platform for
facilitating functional recovery in rats with ischaemic stroke or
TBI. The quantitative exercise effectiveness indicator showed
a 92% correlation between an increase in effective exercise
activity and a decrease in infarct volume [13]. This ISRW
system can be used as a non-electrically forced and objective
reference in preclinical exercise experiments.

Conclusion

In conclusion, a significant increase in hippocampal and cor-
tical expression of the HSP20/BDNF/TrkB proteins after
3 weeks of exercise coincided with a significant reduction in
both brain contusion volume and passive avoidance learning
deficits in TBI rats. Reduction of the hippocampal and cortical
levels of HSP20/BDNF/TrkB by pSUPER-HSP20 small in-
terfering RNA showed a significant reversal in neuroprotec-
tion. There was a positive correlation between the HSP20 and
BDNF levels, as well as between the HSP20 and TrkB levels,
in both the hippocampus and frontal cortex. Thus, modulating
the HSP20/BDNF/TrkB levels in both the hippocampus and
the frontal cortex may be a therapeutic option for TBI-induced
cerebral contusion and passive avoidance learning impair-
ment. Exercise rehabilitation attenuates cognitive deficits in
TBI rats by stimulating the cerebral HSP20/BDNF/TrkB sig-
nalling axis.
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