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ABSTRACT

Traumatic brain injury (TBI) causes a neurological impairment of the central nervous system that may induce
severe motor deficits. In this study, human cranial bone-derived mesenchymal stem cells (hcMSCs) were
transplanted into a mouse TBI model, and the effects of differences in exercise frequency were examined as a
rehabilitation approach to improve motor function after cell transplantation. Twenty-four hours after TBI in-
duction, phosphate-buffered saline or hcMSCs were intravenously injected into mice that were divided into a
non-exercise group, a low-frequency exercise group (LF Ex), and a high-frequency exercise group (HF Ex). Beam
walking tests and rotarod tests were performed over time to assess motor function. Injured brain tissues were
collected for mRNA and protein expression analysis on days 8 and 35 after TBI induction. On days 28 and 35 after
TBI induction, significant associations were found between hcMSC transplantation (T) and exercise factors.
Notably, the T + HF Ex group exhibited a significant improvement in motor function compared with the other
groups. Moreover, we found that the mRNA and protein expression levels of growth associated protein 43 (GAP-
43), hepatocyte growth factor (HGF), and nerve growth factor (NGF) were significantly higher in the T + HF Ex
group than in other groups. Increased expression of GAP-43 enhances synaptic regeneration and promotes
functional recovery. High expression of NGF accelerates neural differentiation, and HGF ensures the efficacy of
hcMSCs. These data suggest that hcMSC transplantation combined with high-frequency exercise is a promising
option for TBI treatment.

1. Introduction

memory, mood, and personality (Dehghanian et al., 2020). If these
symptoms persist without recovery using conventional treatments, the

Central nervous system (CNS) disorders are caused by stroke,
trauma, infections, or neurodegeneration and cannot be completely
cured due to the limited self-repair capabilities of tissues. In some cases,
brain injury induces severe motor and sensory impairments, as well as
neurological dysfunction, leading to behavioral deficits in cognition,

patient’s quality of life will be significantly reduced.

Cell-based therapies using mesenchymal stem cells (MSCs), which
have self-renewal and multilineage differentiation potential, may pro-
vide therapeutic effects for the treatment of traumatic brain injury (TBI)
(Kim et al., 2010b; Cook and Genever, 2013; Chen et al., 2024). In recent

Abbreviations: TBI, traumatic brain injury; hcMSCs, human cranial bone-derived mesenchymal stem cells; CNS, central nervous system; PBS, phosphate-buffered
saline; PCR, polymerase chain reaction; GAP-43, growth associated protein 43; NGF, nerve growth factor; HGF, hepatocyte growth factor; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; FITC, fluorescein isothiocyanate; PE, phycoerythrin; TM, treadmill; ANOVA, analysis of variance; HSD, honestly significant difference;
RIPA, radioimmunoprecipitation assay; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TBST, tris-buffered saline with tween 20; NF-M,

neurofilament medium.
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years, clinical trials based on human MSCs have been increasing,
particularly against CNS diseases (Galderisi et al., 2022). Human MSCs
can be isolated from various tissues, such as bone marrow, adipose tis-
sue, umbilical cord, synovium, and dental pulp, and the therapeutic
potential of MSCs depends on the tissue (Jin et al., 2013). We have
established human cranial bone-derived MSCs (hcMSCs) (Shinagawa
et al., 2015) and reported that cranial bone-derived MSCs have higher
neurogenic and neuroprotective effects than MSCs derived from other
tissues (Shinagawa et al., 2015; Otsuka et al., 2021; Shimizu et al.,
2023). Based on these studies, hcMSCs are considered a promising
source of cell therapy in the treatment of brain injury.

In another study, we reported that rehabilitation after stem/pro-
genitor cell (derived from mouse embryonic stem cells-BRC6) trans-
plantation promoted motor function after brain injury in mice (Imura
et al., 2013). Rehabilitation reduces neurological impairment and pro-
motes functional recovery by increasing neurogenesis (Avila-Gamiz
et al., 2023), neurotrophic factors (Ploughman et al., 2005), cytokines
(Dahlqvist et al., 1999), and neural and synaptic plasticity (Pan et al.,
2021). Treadmill (TM) exercise is frequently applied in the rehabilita-
tion of patients with neurological disorders and is effective at cellular,
physiological, functional, and biochemical levels (Liu et al., 2010; Tsai
et al., 2013). Furthermore, TM exercise inhibits TBI-induced neuronal
apoptosis and is beneficial in improving walking endurance, gait im-
pairments, and functional recovery after a brain injury (Kim et al.,
2010a; Shen et al., 2013). However, the appropriate exercise conditions
that contribute to functional recovery after MSC transplantation have
not been clarified. For example, exercise frequency can influence the
effects of exercise but has not been investigated. Therefore, we investi-
gated motor functional recovery following TBI in mice to evaluate the
effects of different exercise frequencies after hcMSC transplantation. In
addition, a biochemical analysis was conducted to investigate how ex-
ercise frequency and hcMSC transplantation cause changes in the brain
during the healing process after brain injury.

2. Materials and methods
2.1. Isolation and culture of hcMSCs

hcMSCs were established as described in our previous study
(Shinagawa et al., 2015). For the isolation of hcMSCs, human cranial
bone marrow neural crest-originated tissue samples were collected from
frontotemporal cranial bone waste with the consent of the patients,
following neurosurgical procedures in accordance with the Research
Ethics Review Board of Hiroshima University (Permission number
0379). The fragments of cranial bone were placed in culture dishes
(Sumitomo Bakelite Co., Tokyo, Japan) using low-glucose Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich Co., St Louis, MO, USA) with
10 % fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA),
penicillin 100 U/mL, and streptomycin 100 ng/mL (Sigma-Aldrich Co.).
Cells were cultured under 37°C and 5 % CO», and the cells that adhered
to the culture dish were used as hcMSCs. The culture medium was
replaced every 3 days. The cells were passaged at 80 % confluency.

2.2. Flow cytometry analysis

To assess the expression of MSC surface markers, the hcMSCs ob-
tained at passage 3 were used. Cells were dissociated using the TrypLE™
Select reagent (Thermo Fisher Scientific), and resuspended cells (1.0 x
10%) were aliquoted with phosphate-buffered saline (PBS). The ali-
quoted samples were incubated in the following fluorescent dye-
conjugated monoclonal antibodies: FITC-CD34, FITC-CD45, PE-CD73,
FITC-CD90 (Biolegend Co., San Diego, CA, USA), and PE-CD105 (Mil-
tenyi Biotec GmbH, Bergisch Gladbach, Germany). FITC mouse IgG1 and
PE mouse IgG1 were used as isotype controls in the analyses. Data were
collected using a flow cytometer (FACS-Verse, BD Biosciences).
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2.3. Multilineage cell differentiation assay of hcMSCs

The cultured cells obtained at passage 3 were induced in osteogenic,
adipogenic, and neurogenic differentiation medium to assess the cell
differentiation of hcMSCs, as previously described (Otsuka et al., 2018).
Briefly, Alizarin red S solution (Sigma-Aldrich Co., St. Louis, USA) and
Oil red O solution (Wako Pure Chemical Industries, Osaka, Japan) were
used for staining to confirm and visualize the deposition of calcium for
osteogenesis and lipid droplets for adipogenesis, respectively. Mouse
monoclonal anti-neurofilament-M antibody (Cell Signaling Technology,
Inc.) was used for immunostaining to ensure the neural differentiation of
hcMSCs.

2.4. Experimental design

First, all mice were adapted to the motor functional tests (i.e., beam
walking and rotarod tests), and mice in the exercise-related groups were
introduced to the TM at a speed of 5 m/min for 5 min. TBI was per-
formed 24 h after the mice were adapted to the motor functional tests.
Twenty-four hours after TBI (i.e., day 1), PBS and hcMSCs were intra-
venously injected into the control and implantation groups, respectively,
after motor functional tests were performed. Then, different exercise
frequencies were employed in the exercise groups 24 h after hcMSC
transplantation. Motor functional tests were evaluated 7, 14, 21, 28, and
35 days after TBI. For the biochemical analyses of the injured area, mice
were sacrificed on day 8 (for mRNA) and day 35 (for mRNA and protein)
after hcMSC transplantation (Fig. 1).

2.5. Experimental groups

Mice were randomly divided into the following six groups, 1) control
group (C, n = 15): only PBS administration 24 h after brain injury, 2)
low-frequency exercise group (LF Ex, n = 15): TM exercise 3 days/week
after brain injury, 3) high-frequency exercise group (HF Ex, n = 15): TM
exercise 7 days/week after brain injury, 4) transplantation group (T, n =
15): hcMSC transplantation 24 h after brain injury, 5) transplantation
combined with low-frequency exercise group (T + LF Ex, n = 15):
hcMSC transplantation 24 h after brain injury with TM exercise 3 days/
week, and 6) transplantation combined with high-frequency exercise (T
-+ HF Ex, n = 15): hcMSC transplantation 24 h after brain injury with TM
exercise 7 days/week.

2.6. TBI induction and hcMSC transplantation

All surgical procedures and animal experiment protocols were
approved by the Hiroshima University Animal Care and Use Committee
(A23-150). In this study, 6-week-old male C57BL/6J mice were used,
and all mice were purchased from Charles River Laboratories, Japan.
After mice were anesthetized in an isoflurane chamber (2-3 % with a
flow rate of 0.8 I/min), all mice were subjected to surgical procedures in
accordance with previous studies (Imura et al., 2013; Otsuka et al.,
2018). A small midline incision was made on the skin, and a metal probe
(length: 100 mm, diameter: 3 mm) chilled with liquid nitrogen was
applied to the left motor cortex (midpoint between the bregma and
lambda and 3 mm lateral to the left from the sagittal suture) for 30 s,
followed by a resting period of 30 s. This procedure consisting of chill
and rest was repeated four times. In the T, T + LF Ex, and T + HF Ex
groups, hcMSCs (1 x 10° cells/100 ul PBS) were intravenously injected
24 h after TBI induction.

2.7. Exercise after hcMSC transplantation

One day before inducing the brain injury, the mice in the LF Ex, HF
Ex, T + LF Ex, and T + HF Ex groups were introduced to the motorized
TM (Belcon mini, Okura Yusoki Co., Ltd., Hyogo, Japan) for 5 min at a
speed of 5 m/min without inclination. For rehabilitation, the following
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Fig. 1. Schematic of the experimental process. The day of TBI is set to day 0. The dates of transplantation, exercise, and evaluation are shown. TBI, traumatic
brain injury; hcMSCs, human cranial bone-derived mesenchymal stem cells; TM, treadmill.

procedure was performed throughout the experiment: mice were sub-
jected to TM exercise once a day for 20 min at a speed of 6 m/min
without inclination, for a total of 120 m/day, during the dark cycle. The
TM exercise was performed 7 days/week until day 35 after TBI for the
HF Ex and T + HF Ex groups, and 3 days/week until day 35 after TBI for
the LF Ex and T + LF Ex groups. Mice in groups C and T were kept on the
TM for the same period as the exercise groups but without running. The
exercise program used for rehabilitation was planned based on our
previous studies (Imura et al., 2013). The complete experimental design
is shown in Supplementary Tables S1 and S2.

2.8. Motor functional test

The beam walking and rotarod tests were chosen to evaluate motor
function. The beam walking test evaluated forelimb and hind limb lo-
comotor activity, and the rotarod test evaluated balance and motor co-
ordination. In the beam walking test, a narrow wooden beam (50 cm in
length, 6 mm in width, and elevated 25 cm) was used, on which mice
were placed to count foot faults of the contralateral hind limb for 50
steps. In the rotarod test, mice were placed on the rotarod (KN-75;
Natsume Seisakusyo, Tokyo, Japan) at a speed of 20 rpm, and the time to
fall was measured for up to 200 s. The evaluation of motor function was
performed during the dark cycle at 1, 7, 14, 21, 28, and 35 days after
TBI.

2.9. Reverse transcription and real-time PCR

Mice were sacrificed to collect the brain at days 8 and 35 after TBI.
Total RNA was extracted from the brain-injured sites (lesion in the left
motor cortex area) using ISOGEN (Nippon Gene). cDNA was synthesized
with ReverTra Ace-a- (Toyobo Co., Ltd., Osaka, Japan). A real-time
polymerase chain reaction (PCR) was conducted using a 7500 Real-
Time PCR system (Applied Biosystems, Carlsbad, CA, USA) with the
Fast Start Universal Probe Master (Roche, Basel, Switzerland) and
oligonucleotide primer sets corresponding to the cDNA sequences of
growth associated protein 43 (GAP-43), hepatocyte growth factor
(HGF), nerve growth factor (NGF), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). GAPDH was used as an endogenous control.
The primer sequences are listed in Supplementary Table S3.

2.10. Western blot analysis

Mice were sacrificed to collect the brain 35 days after TBI induction
for the protein expression analysis. Radioimmunoprecipitation assay
(RIPA) buffer (Nacalai Tesque, Kyoto, Japan) was used to extract total
proteins at the brain-injured sites (lesion in the left motor cortex area).
Herein, 150 ul of RIPA buffer (8 ul of RNase-free distilled water, 1 pl of
RIPA buffer, and 1 pl of sodium dodecyl sulfate) was used for 50 mg of
injured tissue to extract proteins. The concentration of protein was

measured by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
CA, USA). Herein, 20 pg of proteins per lane were loaded on 12.5 %
sodium dodecyl sulfate (SDS)-polyacrylamide gel, separated by SDS-
PAGE (polyacrylamide gel electrophoresis), and transferred to nitro-
cellulose membranes (Amersham Protran Western blotting membranes,
GE Healthcare, Freiburg, Germany). The membranes were blocked for 1
h at room temperature with TBST (Tris-buffered saline-20 mM Tris-HCI
pH 7.4, 137 mM NaCl, and 0.1 % Tween 20) and 1 % bovine serum
albumin. Membranes were incubated overnight at 4 °C with primary
antibodies against GAP-43 (AB_2533123; 1:1000 dilution; Invitrogen
Corporation), HGF (MA5-14160; 1:500 dilution; Invitrogen Corpora-
tion), NGF (MA5-32067; 1:1000 dilution; Invitrogen Corporation), or
B-actin (A2066, 1:10000 dilution; Sigma-Aldrich Co.). Subsequently,
after washing once with TBST, membranes were incubated with horse-
radish peroxidase-conjugated anti-mouse IgG (1:10000 for HGF and
GAP-43) and anti-rabbit IgG (1:10000 for NGF) as the secondary anti-
body for 1 h. The bands were visualized using either Super Signal West
Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) or Trident
femto-ECL (Gene Tex, San Antonio, TX, USA) and the Versa Doc imaging
system (Bio-Rad Laboratories), and the band density was determined
from the images using ImageJ software (National Institutes of Health,
United States). For contrast and densitometry, each band of protein
expression was normalized by p-actin.

2.11. Statistical analyses

Statistical analysis was performed using JMP Pro 16 software (SAS
Institute, USA). For the comparison of the motor functional data, a two-
way analysis of variance (ANOVA) was performed using transplantation
(no-transplantation, transplantation) and exercise (no-exercise, LF Ex,
HF Ex) as the between-subject factors and time (days 1, 7, 14, 21, 28,
and 35) as the within-subject factor. If a significant difference was
found, Tukey’s honestly significant difference (HSD) multiple compar-
isons test was performed. For the analysis of the mRNA and protein
expression, two-way ANOVA was applied. If a significant difference was
found, Tukey’s HSD multiple comparisons test was performed. Differ-
ences were considered significant when the probability values were <
0.05. The data were presented as the mean =+ standard error of the mean
(SEM).

3. Results

3.1. MSC-specific cell surface marker expressions and multilineage cell
differentiation

CD73, CD90, and CD105, which are cell surface markers associated
with MSCs, were positively expressed in hcMSCs, but CD34 and CD45,
which are associated with hematopoietic cells, were negative (Fig. 2A).

The isolated hcMSCs were induced into osteocytes, adipocytes, and
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Fig. 2. MSC-specific markers expression and multilineage differentiation. (A) Flow cytometry analysis showed positive results for CD73 (100 %), CD90 (100 %),
and CD105 (99.4 %) and negative results for CD34 (1.3 %) and CD45 (0.9 %). (B) Differentiated hcMSCs were stained with each specific staining. a and b were
stained with Alizarin red S staining before and after osteogenic differentiation of hcMSCs; ¢ and d were stained with Oil red O staining before and after adipogenic
differentiation of hcMSCs; and e and f were stained with immunostaining of neurofilament medium (NF-M) before and after neural differentiation of hcMSCs. Scale

bar is 100 pm.

neurons to evaluate the differentiation potential of cultured hcMSCs.
Induced cells showed negative staining for osteocytes, adipocytes, and
neurons before differentiation, as stained with Alizarin red S staining,
Oil red O staining, and immunostaining neurofilament medium (NF-M),
respectively, whereas positive cells were observed after differentiation
(Fig. 2B).

3.2. Enhancement of motor behavioral function after TBI

Twenty-four hours after TBI, the mice in all groups could not move
their right hindlimbs completely and showed poor performance in the
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beam walking and rotarod tests. However, hcMSC transplantation and/
or exercise improved the impaired motor coordination and the move-
ment of the affected hind limbs. Significant differences were found be-
tween the transplantation and exercise in the beam walking test
(Fig. 3A) and the rotarod test (Fig. 3B), following TBI. There was a
significant interaction between transplantation and exercise frequency
in the beam walking test on days 28 (p < 0.05) and 35 (p < 0.01) and in
the rotarod test on days 7 (p < 0.05), 28 (p < 0.01), and 35 (p < 0.01).
The analytical results of the motor function tests are shown in Supple-
mentary Table S4.

In the beam walking test, the HF Ex group showed significant

Rotarod Test

Time on the rolling rod
N w »
o o o

o

24 hours 7Days 14 Days 21Days 28 Days 35Days

Time after injury

Fig. 3. Behavioral assessment of motor dysfunction after TBI. (A) The beam walking test and (B) rotarod test showed that the motor function in the T + HF Ex
group was improved, unlike in the other groups. * T + HF Ex vs. C, #T + HF Ex vs. LF Ex, $ T 4 HF Ex vs. HF Ex, ¢ T + HF Ex vs. T, °T + HF Ex vs. T + LF Ex, T + LF
Ex vs. HF Ex, YT + LF Ex vs. T, °T vs. C, and °HF Ex vs. C. Data represented as the mean + SEM of independent experiments. (p < 0.01, n = 7).
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improvement compared with the C group on days 21, 28, and 35 (p <
0.01, Fig. 3A), and the LF Ex group improved slightly. The improvement
in the T group was similar to that in the HF Ex group and was more
prominent than in the C and LF Ex groups on days 14, 21, 28, and 35 (p
< 0.01, Fig. 3A). The T + LF Ex group showed more significant
improvement than the C and LF Ex groups on days 14, 21, 28, and 35 (p
< 0.01, Fig. 3A), but the difference from the T group was slight.
Furthermore, the T + HF Ex group showed significant improvement
compared with the C group (on days 7, 14, 21, 28, and 35), LF Ex group
(on days 7, 14, 21, 28, and 35), HF Ex group (on days 21, 28, and 35), T
group (on days 21, 28, and 35), and T + LF Ex group (on days 28 and 35)
(p < 0.01, Fig. 3A).

In the rotarod test, the LF Ex group exhibited significant improve-
ment compared with the C group on days 28 and 35 (p < 0.01, Fig. 3B).
The improvements were more prominent in the HF Ex and T groups than
in the C and LF Ex groups on days 14, 21, 28, and 35 (p < 0.01, Fig. 3B).
The improvement was more significant in the T + LF Ex group than in
the C group (on days 7, 14, 21, 28, and 35), LF Ex group (on days 7, 14,
21, 28, and 35), HF Ex group (on days 28 and 35), and T group (on days
28 and 35) (p < 0.01, Fig. 3B). Additionally, there was a significant
improvement in the T + HF Ex group compared with all groups across all
time points, except for day 1 (p < 0.01, Fig. 3B).

3.3. Regenerative marker GAP-43 production in the brain lesion site

The mRNA and protein expression levels of GAP-43 were analyzed at
the brain-injured sites (lesion in the left motor cortex area) on days 8 and
35 to evaluate the axon growth and regeneration associated with motor
function improvement (Fig. 4).

GAP-43 mRNA expression was significantly higher in the T + HF Ex
group than in the C group on day 8 (p < 0.05, Fig. 4A). Moreover, on day
35, the expression of GAP-43 mRNA was significantly higher in the T +
HF Ex group than in all other groups at the brain-injured sites (p < 0.01,
Fig. 4A). No significant differences were found among the other groups
on days 8 and 35 (Fig. 4A).

Gap-43 protein was significantly higher in the T + LF Ex group than
in the C group (p < 0.05; Fig. 4B, C). The protein levels of GAP-43 in the
T + HF Ex group were significantly higher than those in the C group (p
< 0.01), LF Ex group (p < 0.01), HF Ex group (p < 0.01), and T group (p
< 0.05) on day 35 (Fig. 4B, C).

3.4. Neurotropic factor expression in the brain lesion site

The mRNA and protein expression levels of NGF and HGF were
analyzed at the brain-injured sites (lesion in the left motor cortex area)
to evaluate the effects of neurotrophic factors associated with motor
function improvement (Fig. 5).

NGF mRNA expression was higher in the T + HF Ex group than in the
C, LF Ex, and T groups at days 8 (p < 0.01, Fig. 5A), but not significantly
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higher than that in the HF Ex or T + LF Ex groups. Furthermore, at day
35, the T + HF Ex group showed significantly higher expression of NGF
mRNA than all other groups (p < 0.01, Fig. 5A), except for the T + LF Ex
group. Regardless of the combination with exercise, the hcMSC trans-
plant group expressed higher NGF protein than the C group (p < 0.05;
Fig. 5B, C). In the T + LF Ex group, NGF protein levels were significantly
higher than those in the C (p < 0.01) and LF Ex (p < 0.05) groups
(Fig. 5B, C). In addition, NGF protein levels in the T + HF Ex group were
higher than those in all other groups (p < 0.01; Fig. 5B, C).

HGF mRNA expression was higher in the T + LF Ex group than in the
LF Ex group on day 8 and beyond, and higher than that in the C group on
day 35 (p < 0.05, Fig. 5D), but not significantly different from the other
groups, except for the T + HF Ex group. HGF mRNA expression in the T
+ HF Ex group was the highest among all groups on days 8 and 35 (p <
0.01, Fig. 5D). HGF proteins were more expressive in the T + HF Ex
group than in the other groups, except for the T + LF Ex group (Fig. 5E,
).

4. Discussion

In this study, all groups were exposed to the same TBI to evaluate
motor functional improvement under the different interventions. Even
though all mice exhibited motor dysfunction after TBI, all the in-
terventions induced functional recovery. We found that a combination
of high-frequency exercise with hcMSC transplantation promoted
functional recovery and upregulated the expression of neurotrophic
factors in the injured brain.

Our data indicate that high-frequency exercise contributed to higher
functional recovery than low-frequency exercise, suggesting that daily
exercise is desirable for restoring motor function after brain injury. In
addition, hcMSC administration showed the same degree of functional
recovery as high-frequency exercise, indicating that it is much more
useful as a therapeutic intervention. The function of MSCs can be
influenced by both the timing and route of administration. Takahashi
et al. (2018) showed that early MSC transplantation improves lower
limb impairments and prevents neuronal apoptosis after an injury. Our
previous studies have demonstrated that 24 h after the injury, the
intravenous transplantation of cranial bone-derived MSCs promotes
functional recovery (Maeda et al., 2021; Shimizu et al., 2023), and MSC
transplantation induces nerve cell regeneration to improve neurological
function after a brain injury (Anbari et al., 2014; Guo et al., 2017). In the
present study, the transplantation of hcMSCs 24 h after injury may have
enhanced the neuroprotective effect and improved functional impair-
ment. TM exercise is an effective rehabilitation approach for increasing
neurotrophic factors, angiogenesis, neuroplasticity, and cytokines in the
injured area, thus promoting cellular differentiation after stem cell
transplantation (Imura et al., 2013; Tashiro et al., 2016). Our results
were not only consistent with these previous studies but also showed
that both low- and high-frequency exercise contributed to a significant

B c

GAP43 (43KDa) g #

LFEx HFEx T T+FEx T+HF Ex
3 — e — —

Bractin (42KDa) o—— S S S QIR SN,

T T+LF Ex T+HF Ex
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*

GAP-43/B-actin

Day 8 Day 35

[ LF Ex HF Ex T T+LF Ex T+HF Ex

Fig. 4. Regenerative marker GAP-43 expression levels in the brain-injured site. (A) Relative mRNA expression levels of GAP-43 normalized by GAPDH. (B) The
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Fig. 5. Neurotrophic factor expression levels in the brain-injured site. Relative mRNA expression levels of (A) NGF and (D) HGF normalized by GAPDH. The
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represented as the mean + SEM of independent experiments. (*p < 0.05, **p < 0.01, n = 4).

recovery of motor function, especially with the combination of exercise
and hcMSC administration. Note that the combination of high-frequency
exercise and a single administration of hcMSCs resulted in high motor
function recovery. This indicates that high-frequency exercise may
enhance the therapeutic effects of transplanted hcMSCs.

To investigate the factors that lead to high recovery after combining
high-frequency exercise and hcMSC transplantation, we measured GAP-
43 as a marker of nerve regeneration and axonal elongation in brain-
damaged areas. GAP-43, widely known as neuromodulin or neural
phosphoprotein B-50, is an intracellular plasticity protein involved in
brain development, synaptic plasticity, neurogenesis, and nerve regen-
eration (Holahan, 2017). The recovery of motor function in the impaired
limbs can be accompanied by the increased expression of GAP-43 (Wang
et al., 2018). Cui et al. (2017) showed that MSC transplantation im-
proves motor deficits and activates axonal regeneration by increasing
GAP-43 expression through the activation of ERK1/2 and P13K/Akt
pathways. Rahmati and Kazemi (2019) demonstrated that TM exercise
enhances GAP-43 expression and accelerates axonal regrowth and
functional reconstruction. Consistent with these observations, based on
the results of mRNA and GAP-43 expression in the injured area following
TBI, we found that hcMSC transplantation and high-frequency exercise
can promote motor function by increasing GAP-43 expression at the
lesion sites.

It is widely known that neurotrophic factors promote nerve repair
and influence the restoration of motor function or the increase in GAP-
43 expression. To evaluate the influence of hcMSC administration and
different frequencies of exercise on the expression of neurotrophic

factors, we measured the expression of HGF and NGF at the brain-
injured sites following TBI. NGF is a neurotrophin mainly produced in
the cortex, hippocampus, and pituitary gland of the CNS (Rocco et al.,
2018). It maintains neuronal regeneration and is involved in the growth,
survival, differentiation, and proliferation of MSCs following TBI (Wang
et al., 2021b). Many studies have reported that TM exercise and stem
cell transplantation suppress apoptosis by increasing NGF expression to
recover brain damage (Chae and Kim, 2009; Kim et al., 2010b; Matsuda
etal., 2011; Wang et al., 2021a). Hall et al. (2018) reported that exercise
enhances NGF expression and regulates neuronal growth and differen-
tiation to prevent neuronal damage. Chung et al. (2010) demonstrated
that TM exercise increases the levels of trkA and NGF expression and
improves motor function after an injury. Based on these studies, we
assumed that hcMSC transplantation and exercise stimulated the NGF
expression and affected neuronal regeneration to improve motor func-
tion in TBI mice.

HGF is a pleiotropic cytokine of mesenchymal origin involved in the
development and maintenance of cortical neurons during post-traumatic
regeneration (Desole et al., 2021). It promotes functional recovery after
an injury (Kitamura et al., 2007) and is secreted by MSCs, which mediate
biological effects in the CNS after an injury (Song et al., 2020).
Furthermore, HGF interacts with immune cells, exerts immunosup-
pressive effects by MSCs, and promotes immune tolerance (Liu et al.,
2020). In our experiment, the mRNA and protein expression of HGF was
significantly higher in the T + HF Ex group than in other groups. Pre-
vious studies have reported that exercise and stem cell transplantation
reduced the damaged area by increasing HGF expression to stimulate
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axonal regeneration and the regrowth of GAP-43, thereby preventing
apoptosis and enhancing angiogenesis to promote motor functional re-
covery (Neuss et al., 2004; Yasuda et al., 2004; Song et al., 2020).
Therefore, we speculated that the high HGF expression in the T + HF Ex
group ensured the effectiveness of the rehabilitation after hcMSC
transplantation to improve functional recovery. In the present study,
both low- and high-frequency exercise enhanced the improvement of
motor function after hcMSC transplantation. Additionally, over time, the
T + HF Ex group showed more significant improvement and higher
expression of not only GAP-43 but also HGF and NGF. Hence, HF exer-
cise after hcMSC transplantation may be a synergistic therapeutic option
for the recovery of motor behavior following TBI.

However, there are some limitations in this study. We used 6-week-
old male mice in our experiments, but the improvement in functional
impairment after TBI may have been different if female mice or male
mice of different ages. We investigated the effects of hcMSC trans-
plantation and rehabilitation in the early phase of TBIL, but we did not
examine their impact during the chronic phase of TBI. Previous studies
have revealed that MSC transplantation and rehabilitation are effective
in improving functional impairment and neuroprotective effects during
the chronic phase of injury (Piao et al., 2013; Otsuka et al., 2021).
Therefore, based on our findings, we hypothesized that hcMSC trans-
plantation and rehabilitation also play an effective role in restoring
functional improvement in the chronic phase of TBI. In addition, the
acute inflammatory response associated with cell death is important to
consider in the treatment of TBIL, but in our experiment, we did not
analyze the anti-inflammatory effects of rehabilitation after hcMSC
transplantation in the injured mice brain. MSC engraftment can also be
affected by the host immune response, but we did not observe the
engraftment of MSCs at the site of injury to evaluate immunoreactivity.
Moreover, we did not perform a histological analysis. Further functional
studies are required to comprehensively elucidate the effects of differ-
ences in rehabilitation after hcMSC transplantation following TBI.

5. Conclusion

The current study has provided evidence showing that hcMSC
transplantation with high-frequency exercise is beneficial for improving
motor function following TBI compared with the treatments that only
involve stem cell transplantation or exercise. Our data helped to clarify
the role of hcMSC transplantation and rehabilitation in brain injury
recovery and indicated the underlying mechanism that enhances neu-
rotrophic factors and neurological function to promote motor behavior,
potentially offering an effective therapeutic option for the treatment of
brain injury.
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