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ARTICLE INFO ABSTRACT
Keywords: Spinal cord injury (SCI) is a devastating disorder that often results in severe sensorimotor function
Spinal cord injury impairment with limited recovery of function. In recent years, rehabilitation training for spinal

Rotarod training
Rehabilitative training
Inflammation
Early-phase training

cord injury has gradually emerged, and some of them play an important role in the repair of
spinal cord injury However, the optimal training regimen for SCI remains to be determined. In
this study, we explore the effects of rotarod training (began at 7 days post-injury) on the recovery
of motor function after SCI, as well as its possible repair mechanism from the aspects of function
and histopathological changes, the behaviors of specific trophic factors and cytokines, and the
expression profile of specific genes. Multiple functional assessments showed that rotarod training
initiated at 7 days post-injury is unsuitable for promoting neuro-electrophysiological improve-
ment and trunk stability, but impaired functional coordination and motor recovery. In addition,
rotarod training has negative effects on spinal cord repair after SCI, which is manifested as an
increase of lesion area, a decrease in neuronal viability, a deterioration in immuno-
microenvironment and remyelination, a significant reduction in the expression of trophic fac-
tors and an increase in the expression of pro-inflammatory factors. RNA sequencing suggested
that the genes associated with angiogenesis and synaptogenesis were significantly downregulated
and the PI3K-AKT pathway was inhibited, which was detrimental to spinal cord repair and
impeded nerve regeneration. These results indicate that immediate rotarod training after SCI is
currently unsuitable for rehabilitation in mice.

1. Introduction

Spinal cord injury (SCI) is a devastating disorder with approximately 3 million SCI patients worldwide and 180,000 new cases
reported every year [1], which often causes severe and permanent motor and sensory function impairments in patients with SCI [2,3].
Persisting functional deficits would inevitably affect overall health and impose a high psychological and financial burden on
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individuals with SCI. Unfortunately, no effective treatment for SCI is currently available due to the elusive and complex pathophys-
iologic mechanism after SCI [4,5]. Thus, the exploration of disease-modifying therapy for SCI is a high priority.

Over the past decades, we have witnessed a flourishing of different strategies for spinal cord repair after SCI. Among these novel
approaches, repeated physical training, like treadmill training, gait training, walk training, and swimming have shown great potential
for functional recovery following SCI [6-8], as exercise might be able to provide motor practice of paralyzed limbs as well as sensory
inputs into the injured spinal cord after SCI although the underlying mechanism remains poorly understood [5]. However, the training
contributed to fairly limited function improvement in the complete SCI models [9,10], whereas the training also produced conflicting
outcomes of functional recovery in the incomplete SCI models [11,12]. On the other hand, different kinds of training promoted
functional improvement in varying degrees [13-15], implying that the most appropriate type of training remains to be determined
[16].

Rotarod training is a type of forced active exercise that is often used for the promotion of locomotive coordination, balance, and
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Fig. 1. The functional recovery assessment following rotarod training. A, B The process of electrophysiological evaluation (A), and the repre-
sentative recording of action potentials in SCIT, SCI, and Sham group (B, upper-middle-bottom). C, D The amplitude and latency were measured. No
significant difference was detected in SCIT and SCI groups (n = 6 in each group). E-G The gait analysis by Catwalk XT. The representative footprints
were displayed in (E), and the base of support and regularity index were also calculated in (F) and (G), respectively (n = 6 in each group, two-way
ANOVA analysis). H, I The BMS and rotarod test were evaluated at multiple time points in three groups (n = 6 in each group). J The scheme of
rotarod training regimen and rotarod test. *, **, **** and n.s. indicate P < 0.05, P < 0.01, P < 0.0001, and no statistical difference, respectively.
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anti-fatigue performance [17,18]. When rodent animals were put on the rotarod bar, they had to continuously run and maintain the
balance to avoid falling from the rotating bar, for which they received intensive active training. In 2008, Cendelin et al. [19] reported
that rotarod training could potentiate the spatial learning ability after a session of training in olivocerebellar degenerated mice.
Recently, Nakagawa et al. [17] found that rotarod training led to a significant functional recovery via promoting the axonal
remodeling of the corticospinal tract following traumatic brain injury in mice. Nevertheless, there are few studies evaluating rotarod
training as an effective treatment for mice with SCI at present.

Therefore, the object of the current study was to explore the effects of rotarod training on locomotion recovery as well as its po-
tential mechanism for spinal cord repair after SCI focusing on the changes of function, histopathology, the behaviors of particular
trophic factors and cytokines, and the profile of specific genes expression (Sup. Fig. 1).

2. Materials and methods
2.1. Animals

Age-matched wild-type C57BL/6J mice of both genders were used in this study (5-6 weeks old; purchased from SPF Biotechnology
Co., Ltd, Beijing). Mice were group housed under a 12 h light/dark cycle with free access to food and water in the animal center of
Chinese PLA General Hospital. In this study, 120 mice were randomly assigned to three groups: Sham group, SCI with rotarod training
group (SCIT group), and SCI with no training group (SCI group), and 40 mice for each group. All experiments were approved by the
animal ethics committee of the Chinese PLA General Hospital (Approval No. SQ2020039) and performed in strict accordance with the
guidelines for the care and use of laboratory animals from the National Institute of Health.

2.2. Spinal cord injury procedures

The spinal cord hemisection procedure at the lower thoracic level was performed as previously described [2,20]. Briefly, all mice
were placed on a heating panel at 37 °C and anesthetized intraperitoneally with sodium pentobarbital (10.0 ml/kg body weight in
0.9% NacCl). Once properly anesthetized, the dorsal surface of each mouse was shaved and disinfected with iodophor twice. Then mice
would receive a dorsal laminectomy at the T9-11 segment of the spinal cord to expose the corresponding area, and a right-lateral
hemisection was made at T9-10 spinal cord level with an ophthalmic side cutting scalpel (Caliber ophthalmic, PA, USA). Tension
in the right limb was immediately abolished, indicating that the model had been successfully established. In the Sham group, the spinal
cord was only exposed but not injured. After spinal cord injury, muscle and skin above this segment were carefully sutured in layers,
and erythromycin was applied to prevent infection. Mice were placed on another heating panel until they recovered from anesthesia
and then returned to the clean home cage. Animals were closely monitored for the next 24 h during recovery. Bladders of SCI mice were
expressed manually twice a day until the spinal cord-to-bladder micturition reflex developed (8-12 days).

2.3. Rotarod training and rotarod test

Before the SCI procedure, mice in all groups received rotarod training at the lowest rotation speed for 5 min per day in a row of
seven days to accustom further rotarod tests and training.

In the SCIT group, the rotarod training was conducted with Mouse Rota-Rod (B&E TEKSYSTEMS LTD, Beijing, China) beginning 7
days after injury. Each mouse was trained to stay on the rotating rod for 5 min with an accelerating speed of 4-40 rpm, Each mouse
received 6 trials per day (5 min per trial) in a row of five consecutive days a week. The training was conducted for four weeks.

Mice in three groups underwent rotarod assessment the next day after the training session as previously stated [17]. For the
locomotion analysis, mice were put on the rotating drum and the rotation speed also accelerated smoothly from 4 to 40 rpm over 5 min.
The time length was recorded when mice fell off. If the mice did not fall off in 1 min, the mice reached the maximum trial time. Each
mouse would be tested 5 times in a session.

2.4. Basso mouse scale (BMS) score

The locomotion of the hindlimb was evaluated by the BMS score as stated before (Table 2) [21]. The BMS score is a 9-point rating
scale with normal locomotion scoring 9 and complete paralysis scoring 0. Mice received BMS tests at —7, 0, 7, 14, and 28 days after
injury by two investigators who were blinded to this study.

2.5. Catwalk XT gait analysis

Mice (n = 6 in each group) gaits were analyzed at 1, 2, 3, and 4 weeks immediately following rotarod training with a video-based
analysis system, Catwalk XT (Noldus, Wageningen, Netherlands.) [22]. Each mouse was put on the illuminated glass wall and allowed
to walk forward. Real-time movie images and footprints were captured when toes contacted the stepping floor. Based on the toe
position, gesture, pressure, and touched area, parameters such as the base of support (BS) and regularity index (RI) were calculated and
compared between different groups. BS, a measure of trunk stability, was the distance from feet to hindlimb perpendicular to the
standing position. The lower value of BS indicates the better stability of the mouse trunk. RI, a sign of body coordination, refers to the
ratio of real coordination to the normal one of mouse limbs. RI could be calculated by the paw placement (PP) and normal step
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sequence pattern (NSSP) via this formula: RI= (NSSP x 4)/PP x 100% [23]. Generally, the bigger the R, the better the coordination of
the mouse body and the less the wrong gait sequence.

2.6. Electrophysiological analyses

Animal electrical activity was evaluated at 5 weeks post-injury as previously described [2,24]. Briefly, after proper anesthesia, each
mouse received laminectomy to re-expose the spinal cord at T9-T10 (n = 3 mice in each group). Then, the electrophysiological
experiment was performed using the electromyography machine (Medtronic, Minneapolis, MN, USA). The bi-polar stimulating
electrode was placed on the C7 or T1 spinal segment and one unipolar recording electrode was put on the gastrocnemius muscle to
record the compound muscle action potentials (CMAP) after electrical stimulation (intensity: 3.00 mA, frequency: 10 Hz). The ground
electrode was put into the subcutaneous tissue. The peak amplitude and latency of each CMAP were recorded to compare the recovery
of nerve conduction function among the three groups.

2.7. Histological procedures

2.7.1. Haematotoxylin and eosin (HE) staining and measuring the lesion area

HE staining was performed according to manufacturer protocol [25]. In brief, after well deparaffinization and rehydration, tissue
sections from the T10 segment of the spinal cord were incubated with Haematoxylin (G1120, Solarbio, China) for 5 min followed by 3
min in Differentiation solution and then rinsed in distilled water. Subsequently, the sections were re-dyed with eosin Y aqueous so-
lution for 2 min followed by dehydration with graded alcohol and transparent by xylene and sealed with the neutral resin. The
prepared slides were examined using a light microscope, and images were captured. Subsequently, the images were imported into
ImageJ software, and the lesion area was quantified by manually selecting the region of interest (ROI), which typically consisted of
empty vacuoles or other distinct features, and applying a threshold to differentiate the lesion area from the normal tissue. The software
then generated the area of the lesion in micrometers.

2.7.2. Immunofluorescence staining

After deep anesthesia, animals were transcardially perfused with PBS followed by 4% paraformaldehyde (PFA) (Sigma, USA). Then,
laminectomy was performed to expose the regenerated spinal cord, 1-cm-long spinal cord with a lesion in the center was separated and
immersed in 4% PFA at 4 °C overnight followed by 30% sucrose for dehydration. Subsequently, isolated spinal cords were embedded in
an optical cutting temperature compound (OCT) (Sakura, USA) and were serial sectioned on a Leica cryostat set at 25 pm thickness. For
immunofluorescence staining, sections were firstly washed three times with PBS and then were incubated in the PBS with 10% goat
serum (Solarbio, China) and 0.5% Triton X-100 (Sigma, USA) for at least 1 h at room temperature. Then the sections were incubated
with diluted primary antibodies against NeuN, Ki67, Casp3, and Ibal at 4 °C overnight in a humidified container. After three times
washes by PBS, sections received the following secondary antibodies (Alexa Fluor 488 and 555) for another 1 h at room temperature.
We repeated the washing steps and incubated the sections with DAPI for 5 min, and the sections were finally mounted by fluoromount
G (Sigma, USA). These antibodies are highly specific for their targets and have been extensively used in the field. Detailed information
on primary and secondary antibodies is listed in Table 1.

2.7.3. Image processing and quantification

The images were captured by confocal microscopy (SP8, Leica, Germany). The densitometry analysis was conducted using ImageJ
software (NIH, USA). All experiments were repeated at least 3 times (n = 3) using independent samples. For the lesion area analysis of
HE staining, 5-6 random sections of each sample containing the lesion were manually outlined and quantified by ImageJ.

For the quantification of immunofluorescence sections, 5-7 images were chosen for analysis for each sample. Neuron survival, cell
proliferation, and apoptosis around the lesion core were calculated. Specifically, the amount of NeuN", Ki67 ", and Casp3™ marked
cells was counted within two 600 x 600 pm squares using ImageJ, which was located rostrally and caudally from the lesion area. For
inflammatory analysis in the spinal cord, we analyzed the expression of Ibal (specifically for macrophage and microglia), which was
calculated within square areas of 100 x 100 pm, 6 squares both in the direction of head and tail from the lesion center [26].

Table 1
Antibodies and dilutions used for Inmunofluorescence staining and Western blot analysis.
Antigen Company Species Dilution
Primary antibody NeuN Abcam, UK, ab279296 Mouse 1:500
Ki67 CST, USA, 9129S Rabbit 1:1000
Casp3 CST, USA, 9661S Rabbit 1:400
Ibal Wako, Japan, 019-19741 Rabbit 1:500
PI3K CST, USA, 4228T Rabbit 1:1000
p-actin CST, USA, 4970T Rabbit 1:1000
Secondary antibody Alexa 488 Abcam, UK, ab150077 Goat anti-rabbit 1:400
Alexa 555 Abcam, UK, ab150114 Goat anti-mouse 1:400
HRP-linked Antibody Servicebio, China, GB23303 Goat anti-rabbit 1:1000
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Table 2
Scores and operational definitions for the Basso Mouse Scale for locomotion (BMS).
Score
0 No ankle movement
1 Slight ankle movement
2 Extensive ankle movement
3 Plantar placing of the paw with or without weight support -OR
Occasional, frequent or consistent dorsal stepping but no plantar stepping
4 Occasional plantar stepping
5 Frequent or consistent plantar stepping, no coordination ~-OR
Frequent or consistent plantar stepping, some coordination, paws rotated at initial contact and lift off (R/R)
6 Frequent or consistent plantar stepping, some coordination, paws parallel at initial contact (P/R, P/P) -OR
Frequent or consistent plantar stepping, mostly coordinated, paws rotated at initial contact and lift off (R/R)
7 Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and rotated at lift off (P/R) —OR Frequent or consistent plantar
stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and severe trunk instability
8 Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and mild trunk instability -OR
Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and normal trunk stability and tail down or
up & down
9 Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and normal trunk stability and tail always up

2.8. Electron microscopy examination and analysis

The electron microscopy was conducted on mouse spinal cord sections. Samples of 2 x 2 mm?® rostrally from the lesion were first
subjected to the fixation by 3% glutaraldehyde for at least 2 h, and then incubated in the 1% osmium tetroxide solution for 1.5 h. After
well dehydrated, ultrathin transverse sections were made (50 nm thickness) and then examined under the transmission electron
microscope (HT7700; Hitachi, Japan).

All the electron microscopy analyses were performed using Image-pro Plus software. Each sample would randomly select 8 fields to
measure the density and diameter of myelinated nerve, and the thickness of myelin sheaths. We also calculated the G-ratio, another

. . . . . - the inner di .
measure of the thickness of myelin sheaths, using the following formula: G — ratio = {f¢-mnerqameter » 100% of the myelin.

2.9. Enzyme-linked immunosorbent assay (ELISA) and G-Series Mouse Cytokine Array

1-cm-long spinal cord with a lesion at the center was isolated as aforementioned and lysed by RIPA Lysis buffer and then quantified
using the BCA protein assay kit (Beyotime, China). Then, for the measurement of trophic factors of each group, the tissue supernatant
was collected for ELISA of BDNF, NGF, NT-3, and VEGF according to the manufacturer’s instructions, respectively. As for the mea-
surement of cytokines expression, the same supernatant was measured using the G-Series Mouse Cytokine Array, a semi-quantitative
measurement kit of 40 mouse cytokines, according to the manufacturer’s protocol.

2.10. RNA sequencing analysis

The RNA sequencing analysis was performed as in our previous study [2]. Briefly, a 1-cm-long spinal cord with the lesion in the
center was separated from the mouse at 35d post-injury in the SCIT and SCI group (n = 3 in each group) as stated above. Then the total
RNA of the 1-cm-long spinal cord was extracted using TRIzol reagents following the manufacturer’s protocol. cDNA library was
prepared with the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Then the
high-throughput of the cDNA was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia)
according to the manufacturer’s instructions (from Beijing Novel Bioinformatics Co., Ltd. (https://en.novogene.com/)). The data
process and analysis were similar to our previous study. Raw sequencing data with FPKM calculation results are accessible at the GEO
database (http://www.ncbi.nlm.nih.gov/geo/) under accession ID GSE 193806.

2.11. Western blot analysis

For the further verification of the PI3K-AKT pathway played in the regeneration process of SCI mice with rotarod training, the
Western blot analysis has been applied to the experiment as previously stated [27]. In brief, the protein extracting and quantifying
process was similar to the ELISA as stated above. 10 pl primary antibody rabbit anti-PI3K (diluted with TBST at the ratio of 1:1000) was
used to detect the PI3K expression, followed by 10 pl alkaline phosphatase-labeled second antibody with similar dilution. The p-actin
was selected as the internal control. All procedures were performed according to the manufacturer’s instructions. After that, all the
gray-scale values were calculated and analyzed by Image J software.

2.12. Statistical analysis

The statistical analysis in this study was performed using SPSS 24.0 (IBM, USA). All quantitative data were expressed as the mean
+ standard deviation (SD). Differences between different groups were compared using unpaired Student’s t-test or one-way ANOVA
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followed by Bonferroni posthoc test for multiple comparisons if data obeyed the normal distribution and had homogeneous variances.
Otherwise, a non-parametric test was selected for further analysis. A two-sided Wilcoxon signed-rank test was used for matched data
pairs, and the Mann-Whitney U test was used for unpaired data. The P value < 0.05 was considered statistically significant.
3. Result
3.1. Rotarod training impaired functional recovery after SCI

To evaluate whether rotarod training could improve functional recovery after SCI, mice were compared using the electrophysio-

logical assessment, Catwalk gait analysis, BMS locomotion test, and rotarod test.
For the electrophysiological evaluation, the amplitude and latency were recorded and compared among the groups (Fig. 1A and B).
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As shown in Fig. 1C and D, injured mice with rotarod training or without rotarod training presented a very small response at 28d post
injury (no significant difference was detected between the two groups), while mice in the Sham group (uninjured spinal cord)
demonstrated much higher amplitude and shorter latency, indicating that rotarod training made no difference on synapse connections
after SCIL.

For Catwalk gait analysis, the step sequence, base of support (the sign of trunk stability), and regularity index (the evaluation of
coordination) were recorded and analyzed in all three groups. As shown in Fig. 1E-G, the abnormal gait was detected, and the trunk
stability and coordination were immediately affected post-injury and exhibited mild if any, spontaneous recovery at 14, 21, and 28d
post-injury in both SCIT and SCI groups There was no significant difference in the length of the base of support between mice in SCIT
and SCI group at all evaluated time points. Worse still, although mice in the SCIT group showed a similar regularity index with those in
the SCI group at T-7d, T-14d, and T-21d, SCIT mice showed a significantly lower regularity index than SCI mice at T-28d. Namely,
rotarod training did not improve trunk stability but worsened the coordination in mice after injury.

For the locomotion test, the motor function of the hindlimb was calculated at -7d, 0d, 7d, 14d, and 28d following training according
to BMS scoring. As shown in Fig. 1H, all the injured hindlimbs showed immediate paralysis after SCI, whereas mice in the sham group
demonstrated no significant functional impairment. Then mice in both SCIT and SCI groups showed functional recovery to varying
degrees. In the SCIT group, the BMS score was similar to that of the SCI group after 7d training (T-7d). However, continuous rotarod
training gradually impaired mice’s functional recovery when compared with the SCI group at T-14d and T-28d.

We also conducted the rotarod test on mice in three groups to evaluate the functional recovery after SCI (Fig. 1J). We found that
mice in the SCIT group, not the SCI group stood longer on the rod at 14d, 21d, and 28d post-training, implying a better motor recovery
of the SCIT group in the rotarod test (Fig. 1I). This better performance of stablity should be explained with cautions. On the one hand,
the mice in the SCIT group were expected to stay on the rod for a long time because they were trained with high intensity. On the other
hand, although the rotational motion ability of the SCIT group was better than that of the SCI group, it still decreased significantly
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compared with that of the sham group. In addition, the differences between the SCIT and SCI groups remained consistent from two
weeks after training. Hence, these results implied that rotarod training was unable to promote electrophysiological improvements and
trunk stability as expected. On the contrary, it may impair the recovery of functional coordination and locomotion.

3.2. Rotarod training has adverse effects on spinal cord regeneration after SCI

Considering the undesirable effects of rotarod training on functional recovery, we next used histopathology to analyze whether
rotatory training could help injured tissue regenerate. The spinal cord hemisection was first performed at the T10 segment, and mice
with or without 28d training were euthanatized for further histopathological assessment. Firstly, we evaluated the size of the lesion
cavity by HE staining sections. As shown in Fig. 2A-C, compared with the SCI group, the injury area was significantly larger, and more
vacuoles were detected in the SCIT group, indicating that rotarod training worsened the lesion profile.

Then we assessed the neuronal viability, cell proliferation, and apoptosis around the lesion core of the spinal cord using NeuN,
Ki67, and Casp3 immunofluorescence and analyzed whether rotarod training could rescue the injured neurons and promote cell
proliferation. As shown in Fig. 2D-M, the neurons that survived in the SCI group (161 + 30.9) were significantly less than that of the
SCIT group (43.3 + 7.63). In addition, compared with the SCI group, the number of Ki67 " cells was lower and the number of Casp3™*
cells was higher in mice in the SCIT group after SCI, indicating that rotarod training could deteriorate cell proliferation and induce cell
apoptosis in mice after SCI.

We also examined the local immuno-microenvironment by evaluating the activation process of microglia/macrophages via
assessing the expression of Ibal, which was a typical hallmark of neuropathy following SCI. As shown in Fig. 2 N-Q, the expression
intensity of Ibal around the injured area in the SCIT group was higher, especially in the area of rostral 300 pm to caudal 100 pm,
suggesting that rotarod training could activate microglia/macrophages after SCI.

We further analyzed the role of rotarod training in nerve regeneration, particularly remyelination by analyzing the TEM images of
the proximal spinal cord. As shown in Fig. 3, the Sham group exhibited a compact and uniform structure consisting of a clear and dense
myelin sheath, while both SCIT and SCI groups showed a sparse and heterogeneous structure of myelin sheath. SCIT group showed a
lower density of myelinated axons, higher G-ratio value, and thinner myelin sheath than the SCI group, suggesting that rotarod training
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Fig. 5. RNA sequencing of gene expression between SCIT and SCI group. A The PCA analysis showed gene expression was scattered between groups
but clustered within groups. B The volcano plot showed the DEGs between SCIT and SCI groups, with red and green denoting the upregulation and
downregulation, respectively. C Among 27,694 genes, 586 genes were upregulated while 713 genes were downregulated. D, E All of the DEGs as
well as the top 50 DEGs were displayed in the heatmap with hierarchical clustering analysis. F The GO analysis showed the top 10 significantly
enriched categories in biological process (BP), cellular component (CC), and molecular function (MF). G The KEGG analysis exhibited the top 20
significantly enriched pathways. H The protein-protein network and modular analysis (Cytohubba and MCODE) with the representative DEGs like
Eten and Pik3ca. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

was unfavorable to remyelination following SCI.
Therefore, rotarod training exhibited significant negative effects on spinal cord repair in terms of the lesion area, neuronal viability,
cell proliferation, apoptosis, immuno-microenvironment, and remyelination.

3.3. Rotarod training played a detrimental role in neuroprotection via inhibiting trophic factors but promoting inflammatory factors
secretion

Since rotarod training was detrimental to spinal cord repair, to understand the mechanism of its deterioration, we further explored
the expression profile of trophic factors and inflammatory factors, which took an important part in tissue repair. We examined the
expression of four trophic factors (BDNF, NGF, NT-3, and VEGF) using an ELISA kit at 21 and 35 days after spinal cord injury (SCI). Our
results, shown in Fig. 4A-D, indicate that concentrations of all four trophic factors were significantly reduced in all groups at either 21
or 35 days. Moreover, a statistically significant difference in trophic factor concentrations was observed between the SCI and SCIT
groups at both time points.

Specifically, at 21 days after SCI, the concentrations of trophic factors were as follows: BDNF (227 + 5.89 vs 195 + 3.20 pg/ml, P <
0.001), NGF (580 + 13.6 vs 497 + 8.75 pg/ml, P < 0.001), NT-3 (499 + 10.8 vs 461 + 15.5 pg/ml, P < 0.001), and VEGF (396 + 14.2
vs 342 + 6.82 pg/ml, P < 0.001). Similarly, at 35 days after SCI, the concentrations of trophic factors were as follows: BDNF (183 +
3.13vs 163 £ 6.17 pg/ml, P < 0.001), NGF (471 + 27.3 vs 433 + 15.7 pg/ml, P < 0.001), NT-3 (432 + 13.8 vs 403 + 19.1 pg/ml, P <
0.001), and VEGF (353 + 17.3 vs 325 + 15.4 pg/ml, P < 0.001).

For inflammatory factors, we applied the G-series Mouse Cytokine Array to assess cytokine secretion. As shown in Fig. 4E-J, there
was no significant difference between the SCIT and SCI group 21d after injury. However, at 35d after injury, the SCIT group suppressed
the expression of pro-inflammatory factors (IL-1a, IL-3, MCSF, and RANTES), but did not affect the secretion of typical anti-
inflammatory factors (IL-4 and IL-10).

Thus, these results suggested that rotarod training leads to a significant reduction in trophic factors and an increase in the
expression of some specific pro-inflammatory factors, which is detrimental to neuroprotection after SCI.

3.4. RNA-seq analysis of rotarod training on SCI

To determine the potential mechanisms of rotarod training’s adverse effects on functional recovery, cytokines secretion, and tissue
protection and repair, we then performed high-throughput RNA sequencing for three groups. Sup. Table 1 presented the quality
control results of RNA-seq and guaranteed the data’s reliability.

As shown in Fig. 5A, the sample’s gene expression between SCIT and SCI groups was visibly scattered, whereas the gene expression
within groups was clustered together via PCA analysis, inferring that the SCIT group has a distinct gene profile from the SCI group. The
further analysis of differential expression gene (DEG) demonstrated that there were 1299 DEGs between two groups with 586 upre-
gulated genes and 713 downregulated genes (Fig. 5B and C). All the DEGs were displayed in the hierarchical clustering heatmap
(Fig. 5D), and the top fifty DEGs were shown in Fig. 5E, and summarized in Sup. Tables S2 and S3. Moreover, GO enrichment analysis
revealed that DEGs, especially the down-regulated genes, were primarily associated with the re-vascularization biological process like
angiogenesis, regulation of vasculature development, regulation of angiogenesis, and cellular component including post-synapse,
neuron-to-neuron synapse, etc. (Fig. 5F and Sup. Table S4). On the other hand, KEGG pathway analysis showed that those signifi-
cantly altered genes, also down-regulated DEGs in particular, were mainly enriched in the PI3K-Akt signaling pathway (Fig. 5G and
Sup. Table S5).

To explore the interactive relationships among the DEGs here, we used the protein-protein interaction network (PPI) and modular
analysis (Cytohubba and MCODE) to determine the functional gene clusters. As expected, we found that the main function modules
were associated with the PI3K-Akt signaling pathway, be it the Cytohubba or the MCODE app, and the representative DEGs like Pten
and Pik3ca might play a major role in the aforementioned process. To further verify the roles of PI3K-Akt pathway played in the effects
of rotarod training on SCI, we measured the protein expression of PI3K via Western blot analysis (Sup. Fig. 2). It showed that PI3K
expression was significantly inhibited in the SCIT group when compared with that in the SCI group, which was similar to our RNA-
sequencing results.

Taken together, these data implied that the inferior effects of rotarod training on SCI could be attributed to the inhibition of the
angiogenesis process, synapse formation, and the inactivation of the PI3K-Akt signaling pathway.

4. Discussion
Previous research has shown that the rehabilitative exercise, be it a single task or combined tasks, might promote functional
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recovery following SCI [5,28-30].

Non-invasive interventions, including various types of locomotor training (e.g., ladder walking, reaching, bicycling, swimming,
and training on a treadmill) decrease the inflammatory response, increase neurotrophin levels, and may strengthen spared functions,
and guide spinal reorganization. Locomotor training successfully improves the recovery of stepping movements in various animal
models. However, locomotion training might also have worsening outcomes. It is necessary to continuously acquire new insights into
the effective rehabilitative training modality, which could promote determining which kinds of training should be considered for
further clinical practice.

In this study, we, for the first time, assessed the effects of rotarod training for 4 weeks on the spinal cord repair and functional
recovery of mice with SCI in terms of electrophysiology, gait analysis, BMS score, and histological and cellular function assessment.
Unexpectedly, we discovered that 4-week-long rotarod training could not improve the electrophysiological activities and step stability
of SCI mice, but impaired the functional recovery of coordination and locomotion after SCI. Mice in the SCIT group did not show better
recovery on any tests except the rotarod test. On the whole, our results showed that rotarod training played negative roles in spinal
cord repair concerning lesion size, neuronal viability, cell proliferation, apoptosis, immuno-microenvironment, and remyelination.
Even worse, we observed that mice in the SCIT group experienced a significant reduction of trophic factors and increased pro-
inflammatory factors expression, which were detrimental to tissue repair following SCI. Our study indicated that immediate
rotarod training after SCI had very limited effects on functional recovery, and the timing of rotarod training might affect the repair of
spinal cord injury.

To explore the potential mechanism of rotarod training’s limited effects on functional recovery in our study, further investigation
was applied to figure out the molecular mechanisms underlying the differences between SCIT and SCI groups. Our results showed that
rotarod training significantly changed the gene expression profile of mice. Specifically, the genes associated with angiogenesis and
synaptogenesis were down-regulated, which took important parts in the neuroprotection and spinal cord repair. These were consistent
with the lower secretion of trophic factors. Also, the expression of genes enriched in the pathway of PI3K-AKT in the SCIT group was
inhibited. PI3K-AKT pathway, which is involved in glial scar formation could regulate the strong inflammation and promote functional
recovery after SCI [31,32]. This might explain the overwhelming inflammatory response and higher cell apoptosis showed in the SCIT
group.

Rotarod training, known as both active-passive rehabilitative exercise, was reported to be an effective neurorehabilitation for CNS
injuries [17,19,33,34]. Originally, the rotarod task was created for functional evaluation in neurological disorders or injuries instead of
motor training. Unlike other rehabilitative training, rotarod training was increasingly preferred as a training method after neurological
disorders due to its overwhelming improvement in the locomotive rhythm, balance, and coordination on objects at the same time [17].
Besides, a previous study indeed showed that rotarod training was able to enhance the functional recovery of limb locomotion after
stroke [35] and traumatic brain injury [17].

Several reasons might be responsible for the limited effects of rotarod training in our research. (1) The reason for the deviation may
be related to the modeling method. Unlike a stroke or brain injury, the hemisection of the spinal cord directly cut off the bridge of
sensorimotor signals input and output in the injured lateral [36,37], which might weaken the therapeutic effects of rotarod training on
spinal cord repair; (2) another possible contributing factor might be the substantial spontaneous recovery of the untrained mice. Many
studies have stated before that mouse with incomplete SCI would experience spontaneous functional recovery to varying degrees
[38-41]. Therefore, the spontaneous recovery of untrained mice might obscure the authentic effects of rotarod training; (3) the lack of
enough training periods could also play an important role in counteracting the positive effects of rotarod training. Some of the previous
studies have claimed that the long-term training duration (>2 months) was more likely to achieve a meaningful recovery after SCI [10,
42], although the training duration itself was still a matter of some debate; (4) in addition, the intensity of training or the starting time
of training might also be important reasons for the aforementioned problem [43,44]. The overexpression of phosphatase and tensin
homolog deleted on chromosome 10 (PTEN), key signaling components in the PI3K-akt pathway, could improve axon regeneration at
the injury site. One study found that activation of the PI3K/Akt/mTOR pathway in astrocytes 3 days after SCI may be associated with
glial scar formation. Because delayed treatment with Ad-PTEN after SCI enhanced motor function recovery more significantly than
immediate treatment with Ad-PTEN, the results suggest that the optimal strategy for attenuating glial scar formation may be intro-
duced 3 days after SCI. Therefore, the immediate locomotor therapy after injury may be harmful for tissue repair, but whether
introducing locomotor training at least 3 days after injury is worth exploring. Thus, researchers in this field should consider these
aspects in the future.

It should be noted that two main limitations exist in our study. First, as there is a rare study on rotarod training after SCI, the
training protocol of rotarod training was referred from the studies on brain injuries or stroke. The rehabilitative protocol might need
some modifications to boost the therapeutic effect on mice with SCI. Second, to better detect the superiorities of rotarod training in the
treatment of SCI, we may need to compare the rotarod training with other classical regimens like treadmill training, which is lacking in
our current study.

5. Conclusion

To our knowledge, this study might be the first attempt to explore the effects of rotarod training on locomotion recovery and its
potential mechanism for spinal cord repair after SCI. After a series of assessments of rotarod training on SCI in terms of the function
evaluation, histopathological characteristics, molecular behaviors, and the profile of specific genes expression, we found that rotarod
training aggravated injury and impaired functional recovery after SCI, manifesting bigger lesion area, poorer neuronal viability, worse
immuno-microenvironment and remyelination, and significant reduction of trophic factors but increased pro-inflammatory factors
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expression. Further RNA sequencing suggested that rotarod training might inhibit the PI3K-AKT pathway and downregulated genes
associated with angiogenesis and synaptogenesis, indicating that the current protocol of rotarod training is not suitable for rehabil-
itation for mice with SCI.
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Sup. Fig. 1 The graphic abstract of the rotarod training on spinal cord injury.

Sup. Fig. 2 The Western blot analysis of PI3K expression between SCIT and SCI groups. A The protein expression of PI3K
(upper panel) and the internal control -actin (bottom panel) were tested by the Western blot. B The relative PI3K expression
was significantly lower in the SCIT group than in the SCI group (n = 2 in each group, and the Western blot test had been
performed twice). * indicates P < 0.05.

Sup. Table 1 Quality control summary of the RNA sequence results of three groups.

Sup. Table 2 List of the top 50 upregulated genes following acute rotarod training.

Sup. table. S3 List of the top 50 downregulated genes following acute rotarod training.

Sup. table. S4 List of the top 50 GO terms following acute rotarod training.

Sup. table. S5 List of the top 20 terms of KEGG pathway following acute rotarod training.
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