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Body weight-supported treadmill training ==

reduces glial scar overgrowth in SCl rats
by decreasing the reactivity of astrocytes
during the subacute phase

Jili Cai'", Yu Wang'", Chenyuan Zhai?, Kunmao Jiang®, Zun Wang®, Lu Fang', Xiangzhe Li', Chenchen Zhu',
Wentao Liu?, Tong Wang'™ and Qi Wu®

Abstract

Background Spinal cord injury is followed by glial scar formation, which was long seen mainly as a physical bar-

rier preventing axonal regeneration. Glial scar astrocytes lead to glial scar formation and produce inhibitory factors
to prevent axons from growing through the scar, while inhibiting the conversion of reactive astrocytes into glial scar-
forming astrocytes may represent an ideal treatment for CNS injury. Exercise is a non-invasive and effective therapeu-
tic intervention for clinical rehabilitation of spinal cord injury. However, its precise therapeutic mechanisms still need
to be continuously explored.

Methods 30 rats were randomly assigned to three groups (Sham, SCI, SCI+BWSTT; n=10 rats per group). In this
study, we employed the BBB scales and gait analysis system to examine the behavioral functions of the rats in each
group. Furthermore, we utilized immunoblotting of spinal cord tissue at the injury site, in addition to histological
staining and immunofluorescence staining, to explore glial scar aggregation and axonal regeneration in each group
of rats.

Results Our results revealed that hindlimb motor function was significantly improved in SCl rats after a sustained
subacute period of BWSTT, accompanied by the promotion of histological repair and nerve regeneration. Subsequent
immunofluorescence staining and immunoblotting showed diminished astrocyte reactivity in the region surrounding
the spinal cord injury as well as reduced expression and distribution of collagen fibers near the lesion after BWSTT.
Additionally, a significant decrease in the expression of MMP-2/9, which is closely related to astrocyte migration,

was observed in the vicinity of spinal cord tissue lesions.

Conclusion Our study demonstrates that a sustained BWSTT intervention during the subacute phase of spinal cord
injury can effectively reduce astrocyte reactivity and glial scarring overgrowth, thereby facilitating functional recovery
after SCI.
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Introduction

Spinal cord injury (SCI) represents a severe injury
to the central nervous system (CNS) with associated
complex complications and a relatively high disability
rate [1]. The permanence of functional impairments
can be attributed, at least in part, to the limited abil-
ity of injured CNS neurons to regenerate axons and
re-establish functional connections [2]. This is due to
a combination of factors, including the lack of intrin-
sic regeneration potential of neurons and the influence
of extrinsic factors [3]. Glial scar is one of the promi-
nent microenvironment inhibitors around the lesion
site and is the major origin of the dysfunction of motor
and sensory neurons after injury. The dynamic forma-
tion of glial scars primarily occurs during the subacute
phase of SCI, within 7 to 14 days post-injury. However,
the detrimental effects of overly aggregated dense scars
may persist into the chronic phase and even remain
permanently [4, 5]. Despite the implementation of a
multitude of intervention strategies, it is regrettably the
case that there are no effective treatments for prevent-
ing glial scar over formation at present.

Astrocytes constitute an important category of
glial cells in the CNS. In response to SCI, astrocytes
undergo characteristic phenotypic changes—known
as reactive astrogliosis—that can exert beneficial or
detrimental effects on the surrounding lesion micro-
environment [6]. They proliferate and migrate to the
injury site together with activated microglial cells,
forming the glial component of the glial scar. Reactive
astrocytes also physically ensnare fibroblasts by 7 days
post-injury. The fibroblasts, in conjunction with the
ECM components, contribute to the formation of the
fibrotic component of the glial scar [5]. The activation
and proliferation of astrocytes following a SCI results
in the formation of glial scars [7]. The inhibition of
the inflammatory phenotype astrocyte in SCI models
has been observed to reduce the density of glial scars,
thereby facilitating axon regeneration [8, 9]. Conse-
quently, intervention of astrocytes may represent a
potential therapeutic strategy for effectively controlling
glial scars and promoting functional recovery from SCI.

Exercise has long been used as a therapy for SCI
rehabilitation. It is an accessible, straightforward, and
well-established therapy that can be implemented in a
variety of clinical settings. The available evidence sug-
gests that exercise-based rehabilitation following SCI
can effectively reduce the expression of inflammatory

factors at the site of injury [10]. Moreover, evidence
indicates that exercise can inhibit the inflammatory
activation of glial cells [11, 12]. Consequently, early
exercise is likely to modulate the formation of glial
scarring, thereby facilitating functional recovery. How-
ever, current research on post-SCI exercise interven-
tions predominantly focuses on continuous protocols
initiated during the subacute phase and extending into
the chronic phase. While these studies have elucidated
the sustained therapeutic benefits of long-term exercise
training, the potential for early-stage positive effects
emerging prior to chronic phase progression remains
underexplored. It remains a critical question whether
subacute-phase exercise interventions can induce
measurable neuroprotective effects or enhance func-
tional recovery prior to the maturation of chronic glial
scars.

The objective of this study is to elucidate the thera-
peutic effects and the underlying mechanisms of exer-
cise intervention during the subacute phase following
injury. The results demonstrate that initiating an exercise
intervention during the subacute phase may facilitate
functional recovery following SCI, possibly by altering
the reactivity of astrocytes at the site of injury to influ-
ence the formation of aggregated scar tissue. This study
provides a theoretical foundation for the development of
early exercise rehabilitation in clinical practice.

Materials and methods

Animals and SCI model

All experiments involving animals were approved by the
Ethics Committee for Animal Experiments of Nanjing
Medical University (license No. IACUC-2206045 and
No. TACUC-2403019), Jiangsu Province, China. Female
adult SPF 9-week-old Sprague—Dawley rats, approxi-
mately 210-250 g in weight, were obtained from the Ani-
mal Core Facility of Nanjing Medical University (Animal
license: SYXK (Su) 2021-0023). The rats were housed in
an environment with controlled conditions (temperature
22+2 °C, and a 12/12-h light/dark cycle, 55 +5% relative
humidity) with free access to food and water. They were
allowed to acclimate to these conditions for at least one
week prior to the commencement of the experiment.

The rats were randomly assigned to three groups
(Sham, SCI, SCI+BWSTT; n=10 rats per group) [13].
The SCI model was based on Allen’s model [14, 15],
which closely replicates the clinical presentation of bilat-
eral lower limb paralysis following SCI. In brief, rats were
anesthetized with an intraperitoneal injection of 1% (w/v)
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pentobarbital sodium (50 mg/kg) in all surgeries. After
removing the hair, a laminectomy was performed at T,
the designated impact center. To ensure an optimal sur-
gical field, the spinal cord was exposed approximately
from T, to T,;. Subsequently, a spinal cord impactor
with a 2.5 mm diameter tip (RWD, China) was utilized
to induce a moderate incomplete SCI model, following a
previously established protocol [16, 17], with an impact
force of 250 kdyn. The presence of lower limb convul-
sion and localized hematoma of the injured spinal cord
in rats indicated successful modeling. In the sham group,
the exposed spinal cord was not compressed by the
rod. At the conclusion of the surgical procedure, all rats
were administered a single dose of penicillin potassium
(32,000 U/100 g) via intramuscular injection. The blad-
ders were manually emptied twice daily until spontane-
ous voiding was established.

Body weight-supported treadmill training

Prior to the surgical intervention (SCI), all rats under-
went three days of treadmill training to facilitate adapta-
tion. Body weight-supported treadmill training (BWSTT)
prescription was based on the procedures of our previous
study [18, 19]. The SCI+BWSTT group underwent body
weight-supported treadmill training on the eighth day
post-SCI, with treadmill speed at 6 m/min for a duration
of 20 min, twice daily for a week. Prior to each treadmill
training session, the bladder was manually massaged to
facilitate emptying. The body weight support range was
adjusted to approximately 30 + 10%, providing a force of
approximately 780N, depending on the hindlimb loco-
motor function of the rats during training. Specifically,
the adjustment allowed the rats’ backs to slightly arch
while their hindlimbs gently lifted off the runway, ena-
bling active participation in treadmill training.

Behavioral tests

The recovery of hindlimb motor function in rats was
evaluated via the Basso-Beattie-Bresnahan (BBB) motor
function scores [20]. Two independent examiners, who
were blinded to the treatment groups, conducted the
BBB test in an open field (1 mXx1 m). The scores ranged
from 0 points (complete paraplegia) to 21 points (normal
function). Hind limb joint mobility, hind limb coordina-
tion, and fine paw movements were assessed. Each group
(n=10 rats per group) was evaluated the day before sur-
gery and daily after SCI at the regular time.

Gait analysis was conducted for each group (n=10 rats
per group) of rats using a CatWalk XT® automated quan-
titative gait analysis system (Noldus, Wageningen, Neth-
erlands) 14 days after SCI. All rats were recorded for at
least three consecutive walking cycles. Before detection,
the appropriate position of the camera and the detection
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parameters were set, and the width and length of the
runway were adjusted. The test was carried out in a dark
and quiet environment. After detection, each animal’s
footprints were manually marked, and the gait param-
eters were automatically calculated by the system. The
mean values of the gait parameters of both hind limbs of
each group of rats were statistically analyzed, including
regularity index, mean intensity, duty cycle, stride length,
print area and average speed. To prevent the influence
of body weight on gait parameters, the parameters were
corrected (hindlimb/forelimb, H/F) according to the pre-
viously described methodology [21], including the two
parameters more related to animal weight, mean inten-
sity and print area.

Tissue collection

On day 14 post-SCI, all rats were euthanized with sodium
pentobarbital (100 mg/kg) to ensure animal welfare and
minimize discomfort. The Ty—T,; spinal cord tissue
(within a 0.5 cm range centered around the impact site)
was harvested for biochemical analysis. For tissue stain-
ing, longitudinal sections (n=3) were prepared from
the dorsal side of the spinal cord (on the impacted side,
with the impact site as the center) to the region near the
central canal. Continuous sections were obtained, and
efforts were made to ensure uniformity by slicing at the
same height across all groups throughout the experimen-
tal process. For transverse sections (n=3), continuous
tissue slices were collected from a 0.5 cm region cen-
tered around the impact site, ensuring that sections from
all groups were taken at the same height to maintain
consistency.

Immunofluorescence staining

For immunofluorescence staining, the tissue was stored
in 4% paraformaldehyde for 24 h at 4 °C. Thereafter, the
tissues were dehydrated, made transparent, dipped in
wax, embedded, and sliced into 5 pm-thick serial sec-
tions using a microtome (RM2245, Leica, German). The
spinal cord sections were deparaffinized by sequential
incubation in xylene, anhydrous ethanol, 95% etha-
nol, 85% ethanol, and 75% ethanol. Following a wash in
distilled water, the sections were subjected to antigen
retrieval by microwave treatment in citric acid anti-
gen retrieval buffer (pH 6.0). Subsequently, the sections
were incubated for one hour at room temperature in
phosphate-buffered saline (PBS) containing 10% don-
key serum albumin and 0.3% Triton X-100. Following
this, the sections were washed in PBS and incubated
overnight at 4 °C with primary antibodies. The primary
antibodies utilized for immunofluorescence were mouse
anti-GFAP (1:500, ab279289, Abcam, USA), anti-NeuN
(1:400, 94403, CST, USA) and anti-NF-H/NF200 (1:200,
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18934-1-AP, Proteintech, China). Following three washes
with PBS for five minutes each, the corresponding sec-
ondary antibodies, Alexa Fluor 594 (red) or Alexa Fluor
488 (green), were added in the dark. The samples were
then incubated at room temperature for two hours, after
which they were washed three times with PBS for five
minutes each. Finally, an antifade mounting medium
with DAPI (P0131, Beyotime, China) was added for seal-
ing and preservation at 4 °C. Representative images were
captured using the Zeiss LSM 800 confocal microscope,
and the fluorescence intensity was analyzed using Image]
software (NIH, USA).

H&E staining, Masson'’s trichrome staining and Sirius red
staining

In brief, the sections were stained with hematoxylin and
eosin (H&E) in accordance with the supplier’s specifica-
tions for H&E staining (C0105, Beyotime, China). For
Masson staining, the longitudinal sections were stained
with Masson’s Trichrome Staining Kit (C0189, Beyo-
time, China). For Sirius red staining [22], the tissue sec-
tions were incubated with a solution of Sirius red stain
(BL1270A, Biosharp, China). Finally, the sections were
mounted in synthetic resin. The sections were pho-
tographed using a LEICA DM2500 microscope. The
quantification of the lesion area was conducted with the
thresholding method in Image ] software.

Western blot analysis

Total protein was extracted from the tissue samples using
radioimmunoprecipitation assay lysis buffer (P0013B,
Beyotime, China), which contained a protease inhibitor
and phosphatase inhibitor cocktail (P1082, Beyotime,
China). The supernatants of the tissue lysates were then
collected by centrifugation at 12,000 g for 15 min at 4 °C.
Protein concentration was quantified using the bicin-
choninic acid protein assay (23225, Thermo, USA). A
total of 20 pg of protein was resolved by sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). The membranes were
blocked with 5% milk at room temperature for 2 h, and
then incubated overnight with primary antibody at 4 °C.
The primary antibodies used were as follows: (MMP-2,
MMP-9, collagen I, vimentin). Following a washing step
with TBST, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies for a
period of two hours at room temperature. Signals were
detected by the Tanon-5200 Multi Gel Imaging Analysis
System (Tanon, China), and Image] was used for quanti-
tative analysis.
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Statistical analysis

The data are presented as the mean *standard error of
the mean (SEM). Normally distributed multiple time-
point measurements between multiple groups such as
BBB scores were analyzed by two-way analysis of vari-
ance (ANOVA). Multiple-group comparisons were sta-
tistically analyzed with one-way ANOVA followed by
the Tukey method or nonparametric tests using Prism
10.1.1 software (GraphPad Software Inc., US). A value of
p<0.05 was considered significant.

Results

BWSTT promotes the recovery of motor function after SCI
To evaluate the therapeutic effect of BWSTT on func-
tional recovery after SCI, we assessed hindlimb motor
function in rats on each day after injury using the BBB
scores and examined gait function in rats in each group
on day 14 after injury (Fig. 1A). On the first day after the
injury, the hindlimbs of all rats were completely para-
lyzed (BBB score<1). Thereafter, the rats demonstrated
varying extents of recovery. It was unexpected that rats
treated with the BWSTT exhibited a higher BBB score
(p<0.05) than untreated rats with SCI on day 13 and day
14 after SCI (Fig. 1B). Subsequent gait analysis results
provide a more detailed and comprehensive visualization
of the facilitating effect of the BWSTT on the recovery
of motor function (Fig. 1C-J). The most obvious per-
formance is that on the 14th day of spinal cord injury,
the bilateral hindlimb footprints of SCI group rats can-
not be detected, while those of the SCI+BWSTT group
can be partially detected. The results demonstrated that
the SCI+BWSTT group exhibited evidence of hindlimb
support during a complete walking cycle and displayed
enhanced coordination and organization throughout the
walk in comparison to the SCI group (Fig. 1C and G). A
statistical analysis of the gait function parameters indi-
cated that the SCI+BWSTT group exhibited statistically
significant improvements (p <0.05) in multiple key met-
rics when compared to the SCI group, including regular-
ity index, mean intensity, duty cycle, stride length, and
footprints area (Fig. 1D—F and H-I). However, there was
no statistically significant (p >0.05) enhancement in aver-
age speed between the SCI+BWSTT group and the SCI
group (Fig. 1]). These results reflected that BWSTT dur-
ing the subacute phase of SCI can significantly promote
the motor function recovery of SCI rats.

BWSTT promotes histological repair of the damaged spinal
cord

Then we investigate the effect of BWSTT on the struc-
tural repair of injured spinal cord tissue. The histo-
logical changes in the injured spinal cord at two weeks
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Fig.1 BWSTT improved functional recovery after SCI. A Time-line diagram of spinal cord injury, BWSTT treatment, and experimental analysis in rats.
B The BBB scores in each group (n=10). C-J The CatWalk XT® automated gait analysis results in each group (n=10). The representative images
of footprint intensity during a pedestrian cycle C and footprint pressure—time chart G in each group. The quantification analysis of the CatWalk
of gait analysis parameters in each group, D regularity index, E mean intensity (H/F), F duty cycle, H stride length, I print area, J average speed.

Values are expressed as the mean+s.em, *p<0.05, **p<0.01,and ***p <0.001, as determined by one-way ANOVA. RF-right forelimb, RH-right
hindlimb, LF-left forelimb, LH-left hindlimb

post-injury were evaluated using H&E staining and Mas-  injured area following SCI in the SCI+BWSTT group
son staining (Fig. 2A, B). The longitudinal H&E staining  (Fig. 2C). Moreover, the results of the Masson staining
results demonstrated that the SCI group exhibited severe =~ demonstrated a significantly lower average percentage of
tissue damage and a considerable infiltration of inflam-  fibrosis (» <0.05) in the SCI+BWSTT group in compari-
matory cells, with a notable reduction (p<0.05) in the son to the SCI group, particularly in the core of the injury



Cai et al. BMC Neuroscience (2025) 26:30 Page 6 of 12
A B + Injuried area
[ stam | sci |[__sceewstr | “Rostal . Cauda
[ ] ] - c D
................. i,v"““ o = -EB{]— * u; 60— *
T # s & 23T @ & —
........ e < T gw__ I é g )
000 - _— § g g 404
— o = .E
& 404 = E a2
H 23
: - e M 4 Esis @ s @204
. i 3 144 ] iy B | g2
5 R St i sk 8 g20 &
4 oo o~ — 5 od 3 o
2 3 |4 5 6 T ) g = &> & A
: ; | T 5 -
* | * Gﬁ @3"
L | Ty W A
& &

Fig. 2 BWSTT promotes histological repair of the damaged spinal cord. A Representative H&E staining and Masson staining images in longitudinal
sections of the spinal cord from each group (n=3). The line labels the injured area and * Indicates the lesion center. Scale bar=2000 um, 1000 pm.
B The schematic representation of the injury site is utilized for pathological staining. C, D Quantification analysis of the injured area percentage

of the H&E staining (C) and collagen volume fraction of the Masson staining (D). Values are expressed as the mean+s.e.m, * p <0.05 as determined

by one-way ANOVA

(Fig. 2D). These results indicated that BWSTT during the
subacute phase of spinal cord injury promotes histologi-
cal repair of the damaged spinal cord.

BWSTT promotes axonal regeneration after SCI

Massive neuronal cell death and failure of axonal regen-
eration can lead to long-term structural and functional
damage. We subsequently employed immunofluores-
cence staining to assess the effects of BWSTT during the
subacute phase of SCI on neuronal survival and axonal
regeneration. The survival of neurons in the vicinity of
the lesion site was visualized by NeuN immunofluores-
cence staining of spinal cord sections obtained on the
15th day (Fig. 3A). The results demonstrated a nota-
ble reduction in the number of NeuN" cells in the SCI
group when compared to the Sham group. However, the
NeuN-positive area was significantly higher (p<0.05) in
the SCI+BWSTT group than in the SCI group (Fig. 3B).
Additionally, an increase in NF200+ area was observed
following BWSTT treatment (p<0.05) when compared
to the SCI group (Fig. 3C, D). These data indicate that
BWSTT intervention during the sustained subacute
phase may somewhat promote retention of peri-lesional
neurons. It is noteworthy that the data also indicated the
emergence of additional NF200" regions in the core of
the lesion, suggesting that BWSTT may have facilitated
axonal reattachment and regeneration across the scar.

BWSTT reduces astrocyte reactivity and glial scar
formation

To ascertain whether BWSTT reduces glial scar aggre-
gating and affects astrocyte reactivity at the injury
border, as proposed by Escartin et al., we examined
the molecular markers and functional readouts in vivo
[23, 24]. The results demonstrated a notable reduc-
tion (p<0.05) in the number of GFAP-positive areas
at the injury border in the SCI+BWSTT group when
compared to the SCI group. Furthermore, astrocytes
in the vicinity of the border demonstrated a reduced
propensity to undergo morphological alterations, such
as hypertrophy of shape and thickening of branches,
which are commonly associated with reactive astro-
cytes (Fig. 4A—C). Similarly, the western blotting results
supported the reduction in the expression of Vimentin
(p<0.05) after the BWSTT intervention (Fig. 4D and F).
Prior research has indicated that deficiencies in GFAP
and waveform proteins are linked to augmented axonal
plasticity and superior functional recovery following
SCI. This phenomenon may be linked to a reduction in
astrocyte reactivity [23, 25, 26]. Therefore, the results
of our experiments suggest that the efficacy of BWSTT
in the subacute period may be attributed to its capacity
to diminish the astrocyte reactivity in proximity to the
lesion site. Moreover, the interaction between reactive
astrocytes and type 1 fibronectin results in the forma-
tion of scar-forming astrocytes [27, 28]. Consequently,
we investigated the protein expression and distribution
of collagen fibers in the vicinity of the lesions (Fig. 4D
and G). The results revealed a markedly diminished
deposition of collagen (p<0.05) and a decline in the
expression of collagen I in the vicinity of the lesions
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Fig. 3 BWSTT inhibits neuronal cell death and promotes axonal regeneration after SCI. A Representative immunofluorescence images of NeuN

(a neuronal marker) (green) from the anterior horn area of the spinal cord (transverse sections of the caudal region of the injured spinal cord)

in each group following SCI (n=3). Nuclei were counterstained with DAPI (blue). Scale bar=100 um, 50 um. B, C Quantification of the number

of NeuN* cells/mm? in (A) and NF200" fluorescence intensity area in (D). D Representative immunofluorescence images of NF200 (key components
of the neuronal cytoskeleton) (green) and DAPI (blue) in longitudinal sections of the spinal cord from each group after SCI (n=3). Scale bar=500 pm
and * Indicates lesion center. Values are expressed as the mean+s.e.m, * p<0.05, ** p<0.01, and *** p<0.001, as determined by one-way ANOVA

(p<0.05) within the SCI+BWSTT cohort when com-
pared to the SCI group (Fig. 4H).

BWSTT downregulates the matrix metalloproteinase-2/9
after SCI

To investigate the mechanism of inhibition of glial scar
by BWSTT, we investigated MMP-2/9 protein expression
in the epicenter at 15 d after SCI (Fig. 5A). Compared
with the Sham group, MMP-2/9 expression increased
significantly after SCI (p<0.05). Furthermore, BWSTT
significantly upregulated MMP-2/9 expression (p<0.05)
compared to that in rats that received SCI alone (Fig. 5B,
C). The results of this study are comparable to those
reported in the study conducted by Ying et al., although
the timing and methodology of our intervention differed

[29]. These data indicated that BWSTT downregulates
the MMP-2/9 after SCIL

Discussion

This study demonstrates that the utilization of BWSTT
during the subacute phase can effectively facilitate the
recuperation of neuromotor function after SCI. It was
determined that this therapeutic effect was, at least
in part, due to the effectiveness of BWSTT in reduc-
ing astrocyte reactivity and the expression of MMP-2/9
around the lesion during the formation of glial scarring.
Previous studies on the therapeutic effects of exercise
rehabilitation after SCI have concentrated on the chronic
phase [30]. This study, however, focuses on the subacute
phase, which is the most crucial period for scar formation
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Values are expressed as the mean+s.em, *p<0.05, **p <0.01, and ***p <0.001, as determined by one-way ANOVA
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following a SCI. The aim is to investigate the impact of
exercise training on the process of scar formation after
SCI, with the objective of providing a theoretical founda-
tion for advancing clinical exercise rehabilitation in the
early stages of injury.

The decision to employ exercise therapy as an interven-
tion was informed by the extensive research conducted
by our group over time [18, 19, 31]. Moreover, in both
preclinical and clinical practice [32-37], exercise therapy
has been demonstrated to facilitate functional recovery
after SCI as a non-invasive, non-pharmacological inter-
vention. However, the existing studies have predomi-
nantly concentrated on the long-term therapeutic effects
of exercise, which typically persist for several weeks [38,
39]. In contrast, studies on the early therapeutic effects of
exercise are scarce. Some studies have demonstrated that
early exercise intervention can effectively promote the
recovery of neuromotor function after SCI, with aquatic
treadmill training being an effective method [12, 29].
However, in consideration of the potential timing of clini-
cal exercise rehabilitation intervention and the time win-
dow for glial scar formation and maturation, we elected
to conduct the exercise intervention in the subacute
phase of SCI and incorporated a weight reduction device
to address the issue of diminished treadmill exercise
efficacy due to hindlimb paralysis in rats. BWSTT can
effectively simulate existing clinical rehabilitation inter-
ventions while facing fewer limitations in the early reha-
bilitation process. Additionally, our previous work [18,
19], along with the studies by Xu [40] and Singh [41], has
demonstrated that BWSTT intervention effectively pro-
motes functional recovery after SCI. Our results indicate
that, following BWSTT intervention, the SCI+BWSTT
group showed better functional recovery compared to
the SCI group, including higher BBB scores and an earlier
onset of bilateral hindlimb support during walking. How-
ever, no improvement was observed in the average speed
parameter. The limited duration of the exercise interven-
tion may have contributed to this outcome. It is possible
that while the earlier emergence of bilateral hindlimb
support was observed, this change was not sufficient to
significantly affect walking speed throughout the inter-
vention period.

Exercise typically yields mild, systemic therapeutic
effects, which extend to positive outcomes at the injury
site. In traumatic brain injury models, Barrett et al. [42]
demonstrated that exercise can modulate local neu-
roinflammation and enhance neuroplasticity, thereby
partially restoring hippocampal homeostasis. Similarly,
Amoroés-Aguilar et al. [43] reported that early exercise
mitigates microglial activation and neuronal loss in the
hippocampus. In the present study, our results indicate
that BWSTT intervention also exerted a positive effect
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on spinal cord tissue at the injury site. A greater portion
of the spinal cord tissue surrounding the injury was pre-
served, with more NeuN" and NF200* regions observed
at the injury site. Previous studies have confirmed the
positive effects of exercise interventions on promot-
ing axonal regeneration and facilitating motor function
recovery in individuals with SCI [44, 45]. Based on these
findings, although we did not conduct a more in-depth
analysis of neuronal survival at the injury site, our results,
in conjunction with similar findings from Yang et al. [12],
suggest that BWSTT may positively influence the preser-
vation of neurons and axons at the injury site following
SCL

Glial scarring is a key event in the remodeling of the
microenvironment during the subacute phase, consisting
of both molecular and cellular components. Our results
suggest that BWSTT reduces inhibitory molecules, such
as collagen I and vimentin, around the injury site. Addi-
tionally, BWSTT intervention attenuated reactive astro-
gliosis [23, 46], as evidenced by reduced hypertrophic
changes, diminished extension of branches, and down-
regulated GFAP"area in astrocytes at the lesion site.
Furthermore, we also found that BWSTT significantly
reduced the area of collagen volume fraction in SCI rats
by using Masson staining, which is commonly used to
assess fibrotic areas within glial scars. All of these data,
although indirect, is sufficient to demonstrate the effect
of treadmill training (BWSTT) on reducing excessive
scarring (glial scarring). There are currently two opposing
perspectives on glial scarring following SCI. Some studies
suggest that glial scars can limit the spread of cytotoxic
molecules and help stabilize the propagation of second-
ary injury [47, 48]. In contrast, excessive accumulation
of scar tissue forms a persistent physical and chemical
barrier that obstructs axonal regeneration through both
mechanical blockade and chemical inhibition, ultimately
hindering functional recovery [49, 50]. In our study,
BWSTT intervention led to greater tissue preservation
and less deposition of inhibitory molecules. A reasonable
explanation for this is that the effect of BWSTT on glial
scarring is ‘mild’—it does not cause excessive tissue dam-
age due to a lack of glial scar formation, nor does it result
in excessive scar accumulation that obstructs subsequent
axonal regeneration. However, this explanation requires
further validation through additional studies.

Matrix metalloproteinase (MMP) activation plays a
critical role in migration, inflammation, and scar forma-
tion, which contribute to neurological disability. Previ-
ous studies have shown that MMP-2 and MMP-9, key
members of the MMP family, are crucial in scar forma-
tion after SCI. These enzymes degrade inhibitory mol-
ecules associated with glial scars [51-53], and facilitate
the migration of cellular components [54—56], including
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astrocytes and fibroblasts. Our results demonstrate that
BWSTT, administered during the sustained subacute
phase, effectively downregulates MMP-2/9 expression
around the injured area, in line with previously reported
findings [29]. Hsu et al. observed a significant reduction
in serotonergic axons caudal to the lesion in SCI mice
lacking MMP-2 at 42 days post-injury, accompanied by
extensive glial scarring [57]. In contrast, our study indi-
cates that the downregulation of MMP-2/9 expression
by BWSTT intervention promotes functional recovery
in SCI rats and reduces the excessive formation of glial
scarring. This may be because MMP-2 deficiency triggers
a compensatory increase in MMP-9 expression, which
enhances inflammatory cell infiltration and contributes
to excessive scar formation [56]. While MMP-2 defi-
ciency may have a beneficial effect in reducing scar for-
mation during the subacute phase, it does not appear to
sufficiently offset the negative consequences of the com-
pensatory increase in MMP-9 expression.

In addition to modulating astrocyte migration, the
therapeutic effects of exercise may also be associated
with influencing the fate of reactive astrocytes [58]. The
prevailing view among researchers is that reactive astro-
cytes can exert a dual effect [59]. However, the exces-
sive aggregation of scar-forming astrocytes around the
injured tissue is generally considered detrimental to
axonal regeneration and functional recovery. Studies
have shown that reactive astrocytes can gradually transi-
tion into scar-forming astrocytes via the type 1 collagen
integrin-N-cadherin axis, highlighting the environment-
dependent plasticity of reactive astrogliosis [28]. Our
results demonstrate that following BWSTT intervention,
there was a significant reduction in the number of reac-
tive astrocytes around the injury site and in the expres-
sion of local ECM molecules, including vimentin and
collagen 1. Moreover, the SCI+BWSTT group showed
improved axonal survival at the injury site compared to
the SCI group. It is reasonable to suggest that the thera-
peutic effect of exercise is mediated through the remod-
eling of the microenvironment, reducing the emergence
and persistence of excessive reactive and scar-forming
astrocytes. Recent research has revealed that glial scar-
ring persists into the chronic phase, with scar-forming
astrocytes playing a crucial role in its maintenance [60].
This hypothesis provides valuable insights into the mech-
anisms underlying the efficacy of long-term exercise
interventions in inhibiting scar tissue accumulation and
promoting axonal regeneration during the chronic phase.

The main limitation of this study is the absence of
detection of astrocyte subtypes. While the initial find-
ings suggest that BWSTT reduces reactive astrocytes,
thereby inhibiting the formation of aggregated scar tis-
sue and promoting functional recovery, the phenotypic
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changes in astrocytes, especially those involved in
scar formation, were not assessed. Although collagen
expression and GFAP morphology were analyzed, the
study did not examine the alterations in the astrocytic
phenotype following the exercise intervention. There-
fore, future studies should focus on investigating how
BWSTT influences these phenotypic changes in astro-
cytes. Additionally, glial scarring after SCI forms both
a physical and chemical barrier, but this study did not
evaluate the effects of BWSTT on local inhibitory mol-
ecules, such as CSPGs, through additional staining.
While the findings suggest that BWSTT may have neu-
roprotective effects through enhanced neuronal sur-
vival at the lesion site, the absence of direct mechanistic
validation precludes definitive conclusions regarding
this proposed pathway. Finally, while various cellular
components and substances contribute to scar forma-
tion, the current study primarily addresses the effects
of exercise on astrocytes. Future research could benefit
from exploring other cellular components involved in
the scarring process.

Conclusions

In conclusion, the present study reveals that BWSTT
during the subacute phase maybe effectively inhibit glial
scar overgrowth by decreasing the reactivity of astrocytes
to promote the recovery of SCI function, which may be
realized through the downregulation of MMP-2/9. This
study demonstrated that BWSTT during the subacute
phase is an effective strategy for promoting motor func-
tion recovery in SCI rats and provides a theoretical basis
for clinical exercise to promote SCI functional recovery.
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