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Abstract 
Background: Neuronal structure is disrupted after spinal cord injury (SCI), causing functional impairment. The effectiveness of exercise therapy 
(ET) in clinical settings for nerve remodeling post-SCI and its underlying mechanisms remain unclear. This study aims to explore the effects and 
related mechanisms of ET on nerve remodeling in SCI rats. 
Methods: We randomly assigned rats to various groups: sham-operated group, sham-operated + ET, SCI alone, SCI + H89, SCI + ET, and 
SCI + ET + H89. Techniques including motor-evoked potential (MEP), video capture and analysis, the Basso–Beattie–Bresnahan (BBB) scale, 
western blotting, transmission electron microscopy, hematoxylin and eosin staining, Nissl staining, glycine silver staining, immunofluorescence, 
and Golgi staining were utilized to assess signal conduction capabilities, neurological deficits, hindlimb performance, protein expression levels, 
neuron ultrastructure, and tissue morphology. H89—an inhibitor that targets the protein kinase A (PKA)/cAMP response element-binding (CREB) 
signaling pathway—was employed to investigate molecular mechanisms. 
Results: This study found that ET can reduce neuronal damage in rats with SCI, protect residual tissue, promote the remodeling of motor 
neurons, neurofilaments, dendrites/axons, synapses, and myelin sheaths, reorganize neural circuits, and promote motor function recovery. In 
terms of mechanism, ET mainly works by mediating the PKA/CREB signaling pathway in neurons. 
Conclusions: Our findings indicated that: (1) ET counteracted the H89-induced suppression of the PKA/CREB signaling pathway following SCI; 
(2) ET significantly alleviated neuronal injury and improved motor dysfunction; (3) ET facilitated neuronal regeneration by mediating the PKA/CREB
signaling pathway; (4) ET enhanced synaptic and dendritic spine plasticity, as well as myelin sheath remodeling, post-SCI through the PKA/CREB
signaling pathway.
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Graphical Abstract 
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Highlights: 

• Exercise therapy counteracts the H89-induced suppression of PKA/CREB signaling pathway following SCI.
• Exercise therapy significantly alleviates neuronal injury and improves motor dysfunction
• Exercise therapy facilitates neuronal regeneration by mediating the PKA/CREB signaling pathway
• Exercise therapy enhances synaptic and dendritic spine plasticity, as well as myelin sheath remodeling post-SCI, through the PKA/CREB signaling pathway

Background 
The incidence of spinal cord injury (SCI) is increasing, and 
due to its great devastation, it brings a huge economic burden 
on both clinical and social systems [1, 2]. After SCI, neurons 
are seriously damaged, making it difficult for them to form 
effective structural or functional connections [3]. After SCI, 
axons will be damaged and demyelinated, some neurons in 
the injured area will be lost, and endogenous neurogenesis 
will be restricted [4]. Some studies have demonstrated that 
the ischemic and anoxic microenvironment resulting from 
SCI is not conducive to dendritic modification either, and the 
number of dendritic spines decreases accordingly, resulting in 
a weakening of the connection with neurons [5–7]. Further-
more, SCI weakens synaptic plasticity. Neuroplasticity refers 
to the capacity of the nervous system to undergo functional 
and anatomical changes in response to stimuli or injuries that 
occur during the learning process [8]. Currently, the drugs 
and surgeries used to treat the occurrence and development 
of spinal cord injuries focus on reducing complications and 
cannot provide effective fundamental treatment. Therefore, 
finding an efficient and safe intervention method is the current 
research direction. 

Stimulation of extracellular signal-related kinase (ERK)/ 
cAMP response element-binding (CREB) or protein kinase A 
(PKA)/CREB signaling pathways can promote the secretion 
of various neurotrophic factors [9, 10]. CREB acts on DNA 
and prompts the production of brain-derived neurotrophic 
factor, thereby playing an important role in brain development 
and neurogenesis [11]. Phosphorylation of CREB increases the 
excitability of rodent hippocampal and striatal neurons, while 
inhibition of CREB decreases neuronal excitability. Studies 
have confirmed that CREB is crucial for neuronal develop-
ment during embryogenesis and is key to the regeneration 
of peripheral nervous system (PNS). It is also believed to 
contribute to the postnatal development and regeneration of 
the injured adult nervous systems [12]. CREB can be regulated 
by various kinases (such as PKA) and phosphatases and 
can have multiple functions, such as nerve growth, binding, 

development, and structure formation in nervous system gene 
expression [13, 14]. The PKA/CREB signaling pathway is 
crucial for integrating and regulating neuronal responses to 
external stimuli, positively influencing nerve cell survival, 
growth, and synaptic plasticity [15, 16]. 

As a rehabilitation strategy, exercise therapy (ET) has been 
widely used in patients with stroke or SCI because of its 
non-invasiveness and low cost. Through active or passive 
exercise, the motor function of patients can be restored. Given 
the lower limb paralysis that occurs after SCI in rats, both 
swimming and treadmill training were combined to reduce 
the resistance of rats during exercise and increase exposure to 
physical stimuli. In a previous study, we investigated vascular 
units after SCI. The main purpose of this study is to explore the 
effects of ET on neural remodeling and its related mechanisms. 

Methods 
Reagents and antibodies 
Proteintech (IL, USA) provided us with microtubule-associated 
protein-2 (17490-1-AP) and Anti-synapsin I (20258-1-AP) 
antibodies. In addition, Abcam (MC, UK) supplied the 
antibodies for 5-bromo-20-deoxyuridine (BrdU) (ab6326), 
Postsynaptic Density Protein 95 (PSD95) (ab238135), 
and neurofilament-200(NF200) (ab215903). PKA alpha/ 
beta/gamma CAT antibody (AF7746), phospho-PKA 
(p-PKA) alpha/beta/gamma CAT (Thr198) (AF7246), growth-
associated protein-43 (GAP43) (AF6715), as well as glycer-
aldehyde-3-phosphatedehydrogenase (GAPDH) (AF7021) 
antibodies were supplied by Affinity (OH, USA). Novus 
(CO, USA) supplied neuron-specific nuclear protein (NeuN) 
(D3S3I). Additionally, anti-recombinant doublecortin (DCX) 
antibody (GB114319-100), anti-phospho-CREB (p-CREB) 
(S133) rabbit pAb (GB114322–100), and anti-CREB Rabbit 
pAb were supplied by Servicebio (Wuhan, China). H-89, (PKA 
inhibitor) (130964–39-5) was provided by GlpBio (CA, USA). 
An FD Rapid Golgi Stain Kit (PK401) was supplied by FD 
NeuroTechnologies, Inc. (MD, USA).
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Animals 
In total, 200 adult male SD rats, each weighing between 
200 and 250 g, were provided by Shanghai Laboratory Ani-
mal Centre. These rats underwent random assignment to six 
groups as follows: Sham-operated (n = 30; group S); Sham-
operated + ET (n = 30; group SE); SCI (n = 35; group M); 
SCI + H89 (n = 35; group MI); SCI + ET (n = 35; group EM); 
SCI + ET + H89 (n = 35; group IEM). All experimental pro-
cedures received approval from the Animal Research Com-
mittee of Wenzhou Medical University (reference number 
wydw2020-0602). Such experiments were performed in strict 
adherence to the guidelines outlined in National Institutes of 
Health Guide for the Care and Use of Laboratory Animals. 

SCI model 
The rats were maintained under anesthesia with 30 mg/kg of 
2% pentobarbital sodium. After shaving the area between T9 
and T11 on their backs, a 15-mm incision was done along 
the midline of the skin. The exposed site was subjected to 
impact using a New York University impactor configured at 
10 g × 20 cm. Successful establishment of the SCI model in SCI 
groups was confirmed by the observation of body tremors, 
tail swaying, and lower limb retraction. The wound was 
subsequently sutured and disinfected with alcohol. To prevent 
urinary tract infections, the rats’ bladders were emptied, and 
their urethras were cleaned every morning and evening. 

Exercise therapy 
The treadmill machine settings were consistent with our pre-
vious studies [17]. In addition, the temperature of the water 
was consistently preserved at 30◦C. Starting from the second 
day after SCI, rat groups SE, EM, and IEM underwent ET 
treatment for 14 days. Before each experiment, placing the 
rats in water at 30◦C was deployed to encourage their defeca-
tion. Following experiments, the rats underwent cleaning and 
drying before being returned to their cages. 

Functional behavior evaluation 
At 1, 3, 7, and 14 day past injury (DPI) throughout the inter-
vention, we used the Basso–Beattie–Bresnahan (BBB) scale 
to assess the recovery of hindlimb motor function in rats. 
Hindlimb behavioral assessments were conducted using a 
sophisticated method, following procedures from previous 
research [18, 19]. High-frame rate cameras were used to 
record the straight-line walking process of all experimental 
rats on the runway, and DeepLabCutGUI2.3.4 was used to 
mark, track, and analyze the trajectories of experimental rats. 
Use MatLab2022A to draw the stick view of the hindlimb 
and the angle of the hip joint, knee joint, and ankle joint. The 
hindlimb motion data of S, M, IM, EM, and IEM groups were 
calculated, and the angle differences between groups were 
compared using a scatter plot. Simultaneously, the motor-
evoked potential (MEP) is carried out according to the fol-
lowing method [18, 20]. The recording electrode was placed 
into the gastrocnemius muscle on both sides of the leg, the 
stimulation electrode was placed at the upper end of the 
injury center, and the reference electrode was placed in the 
subcutaneous tissue of the rat abdomen. The spinal cord of 
rats was stimulated with an electrical stimulator (10 mA, 
0.1 ms, 1 Hz) once every 15 s, and the amplitude of evoked 
potential after each stimulation was recorded. The above 

data were collected by two independent examiners without 
knowledge of treatment groups. 

Drug injection 
To stain the rats with BrdU, 10 mg/ml of a 1% solution 
was administered via intraperitoneal injection at 4-h intervals, 
three doses in total, before the rats were euthanized [21]. 

Following SCI, the rats in IM and IEM groups received an 
intrathecal injection of the PKA inhibitor, H89 (3.5 μg/kg), 
once daily for a week, while an equal volume of saline was 
administered to the other groups [22–24]. 

Tissue preparation 
The rats in each group underwent sacrifice at 14 DPI follow-
ing SCI. The T9–T11 segment tissues were rapidly excised, 
followed by 24-h storage in a similar fixative at 4◦C. The 
tissues then underwent subsequent overnight immersion at 
4◦C in Phosphate buffered saline (PBS) with 20% and 30% 
concentrations. Afterward, the tissues were sectioned into 15 
μm thick slices for further experiments. 

Hematoxylin and eosin staining and Nissl staining 
Prepared slices (n = 5) underwent 3-min natural air-drying. 
Subsequently, the slices were stained using hematoxylin and 
eosin (H&E) staining, as well as Nissl staining (cresyl violet). 
Images were then captured using an Olympus BH-2 micro-
scope (Olympus Optics, London, UK), and the Nissl bodies 
along with cavity area were quantitatively counted. 

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling staining 
The slices, once prepared (n = 5 in each group), underwent 
terminal deoxynucleotidyl transferase-mediated dUTP nick 
end labeling (TUNEL) staining. Permeabilization of the slides 
was carried out at room temperature for 10 min, followed by 
three washes, each lasting 15 min. Apoptotic cell detection 
was performed with the In Situ Cell Death Detection Kit 
(Roche Molecular Biochemicals). The images were examined 
with a BX51 microscope (Olympus), and apoptosis-positive 
cells were quantified with Image-Pro Plus 6.0 software. 

Glycine silver staining 
Rat tissues from each group were made into paraffin sections. 
The sections were then washed using distilled water after 
applying xylene I and II for 20 min. Following this, the 
sections were placed in silver glycine stain solution C for 
5 min, underwent three-time washes using distilled water, and 
were treated with silver glycine staining solution B for 3– 
5 min. After that, the sections were taken out, and the residual 
glycine silver stain solution B on tissues was quickly shaken 
off before placing them in the glycine silver stain solution A 
I (preheated at 45◦C in advance). The reduction effect was 
observed at all times, and the slices were removed after a few 
seconds and quickly placed into silver glycine staining solution 
A II (preheated at 45◦C in advance), and then promptly 
removed after a few seconds and washed with distilled water. 
If the background of the section was dark, it underwent 
quick treatment with glycine silver staining solution D for 1 s 
and then washed three times with distilled water. Anhydrous 
ethanol I, absolute ethanol II, and dehydrated ethanol III were 
applied, followed by 5-min immersions in xylene I and II 
for transparency. The slices were then sealed with neutral
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resin. The final steps included microscope examination, image 
acquisition, and analysis. 

Western blot analysis 
After 14 days of intervention, 5 mm of spinal cord was taken 
from each group of rats. Typically, the tissue is thoroughly 
homogenized, and the supernatant is collected. Protein levels 
were subsequently measured with the bicinchoninic acid 
assay kit. After that, for electrophoresis, separation gels 
matched to the molecular weights of the target proteins 
were deployed. Following separation, the proteins were 
moved onto a polyvinylidene difluoride membrane (Bio-
Rad, Hercules, CA, USA). Following a 5% milk closure 
for 90 min, the membrane underwent three-time washes 
using Tris-buffered saline solution/Tween (TBST), followed 
by incubation with a list of primary antibodies (4◦C/16– 
24 h): p-PKA (1:1000), PKA (1:1000), p-CREB (1:500), 
CREB (1:1000), NF200 (1:1000), GAP43 (1:1000), MAP-2 
(1:1000), Synapsin I (1:1000), PSD95 (1:1000), and GAPDH 
(1:1000). After incubation, the membrane was treated with 
secondary antibodies for 2 h, followed by three-time washing 
using TBST. The images underwent visualization using 
ChemiDicTM XRS plus Imaging System (Bio-Rad). 

Immunofluorescence staining 
The sections, once prepared, underwent natural air-drying, 
three-time washes (0.01 M PBS), and room temperature 
blockage using 10% normal goat serum for 1 h. Subsequently, 
they underwent overnight incubation at 4◦C with the  
following primary antibodies: rabbit anti-GAP43 (1:200), 
mouse anti-NF200 (1:200), mouse anti-Brdu (1:200), goat 
(rabbit) anti-NeuN (1:100), rabbit anti-p-PKA (1:500), rabbit 
anti-p-CREB (1:500), and rabbit anti-DCX (1:300). The next 
day, the sections underwent ambient temperature incubation 
with the corresponding secondary antibodies for 50 min. 
Afterward, counterstaining of the nuclei was done using 
4,6-diamidino-2-phenylindole (DAPI). For visualization and 
analysis, for each animal, five fields from each of the three 
slides underwent random selection and analyses by ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA). 

Transmission electron microscopy 
Fresh spinal cord tissues underwent isolation from the verte-
brae with no prior heart perfusion. Subsequently, the tissues 
were rapidly cut into 1 mm3 size in addition to soaking 
in 2.5% glutaraldehyde, followed by three washes in PBS, 
each lasting 15 min. Afterward, the tissues were fixed in 
1% osmium tetroxide for 1 h and subsequently stained with 
1% uranyl acetate for 2 h. The tissues were then dehydrated 
using a series of gradient acetone solutions and embedded for 
coronal sectioning. The location was confirmed through semi-
thin sectioning as well as toluidine blue staining, after which 
the tissues were cut into ultrathin sections. Finally, a Hitachi 
transmission electron microscopy (TEM) was used to examine 
the sections. 

Golgi staining 
In brief, fresh tissue was placed in a preprepared solution (A:B 
was 1:1) and kept in a dark room at ambient temperature for 
14 days. After transferring them to an impregnation solution 
C and keeping them in darkness (48 h/4◦C), the samples 
were sliced into 150 μm thick and stained using standard 

protocols. Dendritic spine densities in T9–T10 neurons within 
the anterior horn were analyzed, with each cell being traced 
at 400× magnification. 

Statistical analysis 
The experimental values are all expressed as the mean ± 
standard deviation (SD). Typically, the Shapiro–Wilk test was 
employed to assess the normality of the data [25], where 
P>.05 demonstrates a normal distribution. The Levene’s test 
was utilized to evaluate the homogeneity of variances, where 
P>.05 indicated homogeneous variances and vice versa. For 
statistical analysis, a two-way ANOVA was followed by 
Tukey’s post hoc test to analyze differences among groups. 
Behavioral scores were assessed using a repeated measures 
two-way ANOVA, with group and time as factors. Tukey’s 
post hoc test was then used to identify differences between 
groups. The statistical analysis was performed using SPSS 16, 
with P<.05 being considered statistically significant. 

Results 
The expression of the PKA/CREB signaling pathway 
was further enhanced in neurons after spinal cord 
injury by exercise therapy 
To confirm the effect of ET on the PKA/CREB signaling 
pathway, spinal cord tissue of the T9–T11 segments was 
measured by western blotting at 14 DPI (Figure 1a). As shown 
in Figure 1b and c, the expression of total PKA or CREB 
among the groups shows no difference (P>.05). No significant 
difference existed in the relative expression of p-PKA or 
p-CREB between groups SE and S (P>.05), but the expression
was significantly higher after injury (p-PKA, M versus S:
P<.001; p-CREB, M versus S: P<.001), and ET could further
upregulate expression (p-PKA, P<.05; p-CREB, P<.05). In
contrast, the inhibitor H89 can significantly downregulate
the expression of p-PKA and p-CREB after SCI (P<.05). We
performed co-staining of p-PKA/NeuN and p-CREB/NeuN
to further confirm the phosphorylation of cytoplasmic PKA
in neurons and the difference in the expression of phos-
phorylated CREB in nuclei among groups. Figure 1d and e
depicts that p-PKA expression in the cytoplasm of neurons
was upregulated after injury, especially after the ET interven-
tion. Compared with group M, the inhibitor could effectively
inhibit PKA phosphorylation (P<.001) (Figure 1f); p-CREB
was mainly expressed in the nuclei of neurons, and the trends
among groups were consistent with those for p-PKA (P<.001)
(Figure 1g).

Exercise therapy significantly improved the motor 
function of hindlimbs and promoted the formation 
of new neural circuits in rats through the PKA/CREB 
signaling pathway 
The results of the motion analysis of rat hind limbs 
(Figure 2a–i) revealed that the motor function of group EM 
was significantly better than that of group M, including 
greater angle oscillation of the hip, knee, and ankle joints 
(hip amplitude, EM versus M: P<.001; knee amplitude, 
EM versus M: P<.001; ankle amplitude, EM versus M: 
P<.001). Notably, the hip and knee joints were close to 
normal. Although the rats in groups MI and M displayed 
certain dragging behaviors, the joint angle in group MI was 
significantly lower than that in group M (hip amplitude,
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Figure 1. The expression of the PKA/CREB signaling pathway was further enhanced in neurons after spinal cord injury by exercise therapy. (a) Western 
blots and (b-c) quantification of p-PKA/PKA, p-CREB/CREB proteins in each group after SCI. The data are shown as means ± SD (n = 5).  
(d) Quantification of p-PKA fluorescence intensity in NeuN+ cell (/S). (e) Quantification of p-CREB fluorescence intensity in NeuN+ cell (/S). (f) Double
staining (green: p-PKA; red: NeuN; blue: DAPI) and (g) (green: p-CREB; red: NeuN; blue: DAPI), scale bar: 50 μm & 100  μm. The data are shown as
mean ± SD (n = 5).  (∗P<.05; ∗∗P<.01; ∗∗∗P<.001). SE sham-operated + ET, M SCI, MI SCI + H89, EM SCI + ET, IEM SCI + ET + H89

P<.01; knee amplitude, P<.05; ankle amplitude, P<.05). 
It is worth noting that the joint angle of group IEM was 
lower than that of group EM (hip amplitude, P<.001; knee 
amplitude, P<.001; ankle amplitude, P<.001), which was 
close to the level of group M. To thoroughly evaluate the effect 
of ET on the integration of damaged neurons into the injured 
site, we conducted an MEP experiment to monitor signal 
transduction ability. The results are shown in Figure 2j–l. In
each intervention group, the latency from the spinal cord to 
the gastrocnemius muscle in group M was longer than that 
in group S after SCI, and the energy content of the impulse 
was significantly reduced (amplitude, P<.001; latent period, 
P<.05). The signal transduction ability of group EM was 
better than that of group M, and the latency was shorter 
(amplitude, P<.001; latent period, P<.05). In addition, 
the amplitude of the conduction signal in group MI was 
significantly lower than that in group M, and the latency was 
longer in group MI than that in group M (amplitude, P<.05, 
latent period, P<.001). In contrast, those in group IEM were 
smaller and longer than those in group EM (amplitude, P<.01, 
latent period, P<.05). The functional recovery underwent 
evaluation using BBB scale at 1, 3, 7, and 14 days after 

SCI. Based on experimental findings (Figure 2m), group EM 
exhibited markedly elevated BBB scores compared with group 
M at both 7 and 14 days (P<.05). Such findings strongly 
suggest that the enhanced motor function observed with 
ET may be regulated by the establishment of new circuit 
connections. 

Exercise therapy significantly alleviated further 
tissue damage and apoptosis after spinal cord 
injury through the PKA/CREB signaling pathway 
and played a protective role in neurons 
To observe the destruction of tissue after SCI, crosscutting 
HE staining was performed at 14 DPI in the various groups 
(Figure 3a). The tissue morphology of groups S and SE was 
intact, and the structure was normal. However, after injury, 
we observed a significant tissue cavity in group M (P<.01). 
Blocking the PKA/CREB signaling pathway resulted in an 
even greater cavity area (MI versus M: P<.05, IEM versus 
EM: P<.01). After ET, the cavity area was significantly smaller 
(EM versus M: P<.01). Then, Nissl staining was used to detect 
nerve cell damage in each group (Figure 3b). Nissl bodies
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Figure 2. Exercise therapy significantly improved the motor function of hindlimbs and promoted the formation of new neural circuits in rats through the 
PKA/CREB signaling pathway. (a) Describes the schematic diagram of rats in the data collection of hindlimb motor joints. (b-f) Color-coded stick views 
illustrating hindlimb movements in representative rats from the S, SE, M, MI EM, and IEM groups. (g-i) Amplitude analysis of the hip angle (g), knee 
angle (h), and ankle angle (i) in the each group of rats; data are shown as means ± SD (n = 5).  (j) Electrophysiological measurements of each group at 
14 DPI. Each small space in the horizontal direction represents 5 ms, and each small space in the vertical direction represents 5 mV. (k) Quantitative 
analysis of average amplitudes relative to the sham group and (l) quantitative analysis of latent periods of each group. (m) BBB scale in the S, SE, 
M, MI EM, and IEM groups. Data are shown as means ± SD (n = 5).  (∗P<.05; ∗∗P<.01; ∗∗∗P<.001). SE sham-operated + ET, M SCI, MI SCI + H89, 
EM SCI + ET, IEM SCI + ET + H89 
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Figure 3. Exercise therapy significantly alleviated further tissue damage and apoptosis after SCI through the PKA/CREB signaling pathway and played a 
protective role in neurons. (a) HE-stained cross sections at 14 DPI, scale bar: 500 μm. The box formed by the dotted line in the picture indicates the area 
of the cavity. (b) Nissl staining in the S, SE, M, MI EM, and IEM groups, scale bar: 50 μm. (c) TUNEL staining showing the neuronal apoptosis in the 
epicenter, scale bar: 20 μm. (d) Glycine silver staining of nerve fibers of rats in each group, scale bar: 50 μm. (e) Quantification of the cavity area (mm2). 
(f) Quantification of the number of Nissl bodie (/mm2). (g) Quantification data of Tunel+ cells in each group. (h) Quantification of the glycine silver
staining area in each group(/mm2). All data are shown as means ± SD (n = 5).  (∗P<.05; ∗∗P<.01; ∗∗∗P<.001). SE sham-operated + ET, M SCI, MI
SCI + H89, EM SCI + ET, IEM SCI + ET + H89, TUNEL TdT-mediated dUTP nick end labeling

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkae058/7966748 by guest on 13 O
ctober 2026



8 Burns & Trauma, 2025, Vol.13, tkae058

Figure 4. Exercise therapy enhanced the PKA/CREB signaling pathway closely related to dendritic/axonal/synaptic growth after SCI. (a) Western blots 
and (b-f) quantification of NF200, GAP43, MAP-2, Synapsin I, and PSD95 proteins in each group after SCI. The data are shown as means ± SD (n = 5).  
(∗P<.05; ∗∗P<.01; ∗∗∗P<.001). (g) Double staining of sections in each group for GAP43 (green)/NF200 (red)/DAPI (blue), scale bar: 50 μm. (h) Staining of 
epicenter of spinal cord in each group for GAP43 (green) DAPI (blue), scale bar: 1000 μm. SE sham-operated + ET, M SCI, MI SCI + H89, EM SCI + ET, 
IEM SCI + ET + H89, TUNEL TdT-mediated dUTP nick end labeling, D dorsal, V ventral, R rostral, C caudal 

were large and numerous in groups S and SE, indicating that 
the protein synthesis function of nerve cells was stronger. 
However, no statistical significance existed between both 
groups (SE versus S: P>.05). Following SCI or using H89 led 
to a significant reduction in Nissl bodies (P<.001). Compared 
with group M, group EM showed a higher number of Nissl 
bodies (P<.001). We further assessed apoptosis in each group 
following SCI using TUNEL staining ( Figure 3c). These 
results showed that apoptotic cell number in the hit center 
was significantly higher after injury (M versus S: P<.001). 
TUNEL+ cell number in group EM was markedly lower 
compared with group M (P<.001). When H89 was used, 
apoptotic cell number was significantly greater (P<.001). To 
observe the injury of nerve fibers in each group, glycine silver 
staining was used at 14 DPI (Figure 3d). The nerve fibers in 
groups S and SE were evenly distributed, regularly arranged, 

and normally shaped. After injury, the axons in group M were 
swollen, twisted, partially broken, and retracted (P<.05). 
Compared to group M, axonal damage in group MI was 
more serious (P<.01). After ET intervention, the situation 
improved significantly (P<.01). The above results show 
that ET plays an important role in neuronal protection 
(Figure 3e and f). 

Exercise therapy enhanced the PKA/CREB signaling 
pathway closely related to 
dendritic/axonal/synaptic growth after spinal cord 
injury 
To understand the structural damage of neurons in different 
groups, we detected the typical proteins of dendrites, axons, 
and synapses using western blotting (Figure 4a). As the
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Figure 5. Exercise therapy enhanced the plasticity of synaptic/dendritic spines and myelin remodeling after SCI through the PKA/CREB signaling 
pathway. (a) Schematic diagram of neuron composition. (b,c) Transmission electron microscopy showed the synaptic structures and myelin sheath, and 
the scale bars indicated 0.5 μm (b) and10 μm (c). The red box in (b) shows the enlarged synaptic structure. (d) Examples of dendritic spines in each 
group, scale bar: 5 μm. (e) Quantification of the postsynaptic membrane densification area in each group. (f) Quantification of the thickness of myelin 
sheath in each group. (g) Quantification of the density of dendritic spine in each group. All data are shown as mean s± SD (n = 5).  (∗P<.05; ∗∗P<.01;
∗∗∗P<.001).SE sham-operated + ET, M SCI, MI SCI + H89, EM SCI + ET, IEM SCI + ET + H89 

results show, NF200, GAP43, MAP2, Synapsin I, and PSD95 
show similar expression trends in each group: the expression 
is significantly downregulated after SCI; the expression is 
further reduced after inhibitor intervention, while ET can 
be significantly increased the expression level ( Figure 4b–f). 
To further show the axon growth at the injured site, we 
used double fluorescent staining of NF200 and GAP43. 
Following SCI, the positive area of GAP43+/NF200+cells was 

significantly lower. Contrarily, more GAP43 and NF200 
expression was observed in group EM than in group M. 
After the use of the inhibitor H89, the fluorescent protein 
expression was significantly lower (Figure 4g). Besides, 
GAP43/DAPI staining results in longitudinal spinal cord 
sections suggested that, in the injured area, the growth of 
group ET was significantly higher than that of group M, 
while the growth of group IM was worse (Figure 4h).
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Figure 6. Exercise therapy promoted neuronal regeneration after SCI through the PKA/CREB signaling pathway. (a) Localization staining map of motor 
neurons in the IX lamina of the transverse section of the spinal cord, scale bar: 100 μm. (b) Double staining of sections from the spinal cord in each 
group of rats for NeuN (green)/BrdU (red)/DAPI (blue), scale bar: 20 μm. (c) Double staining (green: DCX; red: BrdU; blue: DAPI) from the spinal cord in 
each group of rats, scale bar: 20 μm. (d) Quantification of NeuN+/BrdU+ cells. (e) Quantification of DCX+/BrdU+ cells. All data are shown as 
means ± SD (n = 5)  (∗P<.05; ∗∗P<.01; ∗∗∗P<.001).SE sham-operated + ET, M SCI, MI SCI + H89, EM SCI + ET, IEM SCI + ET + H89
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Exercise therapy promoted neuronal regeneration 
and enhanced the plasticity of synaptic/dendritic 
spines and myelin remodeling after SCI through 
the PKA/CREB signaling pathway 
There were ultrastructural changes in neurons after SCI, 
including fragmentation of myelin sheaths and an increase 
in synaptic spaces (Figure 5a). To verify the roles of ET 
and H89, we used TEM to detect changes in synapses and 
myelin sheaths among groups (Figure 5b and c). The synaptic 
structures of groups S and SE were intact (P>.05). The 
number of synaptic vesicles and the area of postsynaptic 
density were significantly lower in group M (P<.001), while 
the synaptic membrane thickness was substantially uneven, 
a synaptic cleavage cavity was formed, and a synaptic 
connection could not be observed in group MI (P<.001). 
Finally, group EM improved compared to group M (P<.001), 
while group IEM showed more synaptic defects than group 
EM (P<.001). Golgi staining (Figure 5d) showed that the 
dendritic spine density of motor neurons after injury was 
significantly lower than that of group S (P<.001). Compared 
with group M, the density of dendritic spines was significantly 
higher in group EM (P<.01) and lower in group MI (P<.05). 
To verify whether ET could suppress damage to dendritic 
spines by upregulating PKA/CREB signaling pathway, the 
dendritic spine densities of groups IEM and EM were 
compared, indicating that they were significantly lower in 
group IEM (P<.01). Investigation of myelin sheaths showed 
that those of groups S and SE were arranged neatly and 
that the boundary was clear, but no statistically significant 
difference existed between both groups (P>.05). After injury, 
the thickness of myelin was significantly lower; it showed a 
loose and irregular state, its continuity was interrupted, and 
serious demyelination occurred (M versus S: P<.05). H89 
aggravated demyelination after injury (MI versus M: P<.05). 
After the ET intervention, myelin sheaths were significantly 
remodeled, and their continuity and level of arrangement were 
relatively improved (EM versus M: P<.05). In comparison 
with group EM, the improvement of myelin in group IEM 
was significantly lower (P<.01) (Figure 5e–g). At 14 DPI, 
observing neuronal regeneration was achieved using the 
neuronal marker NeuN, newborn neuron marker DCX, and 
regeneration marker BrdU (Figure 6a–c). We took neurons 
from lamina IX of the spinal cord from each group for 
observation. We found that very few neurons regenerated in 
groups S and SE (P>.05); however, the number of regenerated 
neurons was greater following SCI (M versus S: P<.05). 
Interestingly, many regenerated neurons were observed in 
group EM (P<.001). The inhibitor H89 effectively inhibited 
the regeneration of neurons (Figure 6d and e). 

Discussion 
In this study, we found that the PKA/CREB signaling pathway 
was related to myelin remodeling, dendritic spine remodeling, 
and spine plasticity of neurons. These structures were closely 
related to ET, which promoted the recovery of motor function 
after SCI. Our data also revealed a novel finding that ET could 
mediate the PKA/CREB signaling pathway in motoneurons 
in lamina IX of the spinal cord to promote nerve remodeling 
after SCI in rats. 

The structure and function of neurons are linked, and the 
damage to neuron structure caused by injury is often accom-
panied by the loss of function [26]. After SCI, a large number 

of neurons die, and the axons, dendrites, and myelin sheath 
of neurons are destroyed. This makes it difficult to form 
an effective functional connection between neurons, result-
ing in impairment of motor function. Studies have shown 
that the reticulospinal tract can germinate below the lesion 
site after incomplete SCI [6]. Since we cannot replace dead 
motoneurons at present, it is an important goal for protect-
ing motoneurons. Nerve remodeling is a powerful mecha-
nism through which the CNS attempts to compensate for 
the structural or chemical destruction of functional connec-
tions between neurons [7]. It is well known that synapses 
exist mainly on dendrites and are the main determinants of 
neuronal integration and processing of afferent information; 
therefore, synaptic plasticity is critical in functional recovery. 
Maier and colleagues conducted a study showing that after 
unilateral corticospinal tract (CST) injury, forced induction of 
ET could promote axonal regeneration. Anterograde tracing 
has demonstrated that CST fibers can cross the midline and 
extend into the contralateral denervated gray matter, leading 
to functional recovery [5, 27]. Behavioral results of our study 
indicated that ET could promote the recovery of motor func-
tion after SCI, which suggests that neural circuit remodeling 
occurred in rats. The comparison of groups S, M, and EM 
also ruled out differences in self-recovery of rats. Furthermore, 
our staining results showed obvious apoptosis, accompanied 
by less neuronal activity after SCI in rats. However, we were 
surprised to find that there were significantly more newborn 
neurons in the penumbra in group EM, accompanied by less 
apoptosis. One aspect of neural plasticity is the enhancement 
and weakening of synaptic responses to inputs. Under nor-
mal and pathological conditions, such synaptic changes are 
crucial for processes such as learning, memory, and motor 
output [28–30]. Changes in dendrites and synapses are the 
foundation for recovering the motor function. In this study, ET 
was employed to attenuate SCI-induced dendrite atrophy as 
well as synaptic damage. ET protected dendrites and synapses, 
enabling them to keep connection patterns and take part in 
the neural network of the spinal cord. Following the trend 
of recovery of motor function, ET promoted motor recovery 
by inhibiting dendritic loss of motoneurons and promoting 
myelin remodeling and synaptic plasticity after SCI. 

Plasticity is an extraordinary characteristic of the CNS, 
enabling it to learn and recover from insults. However, with-
out rehabilitation training, functional improvement after SCI 
is limited. The effects of many rehabilitation interventions on 
functional recovery related to anatomical and physiological 
changes in the spinal cord have been studied [8, 31]. A study 
conducted by Pahul’s team showed that exercise dependence 
increased the regulation of axonal regeneration of intrinsic 
spinal cord neurons and regeneration-related genes after SCI 
[32]. Odpchi et al. believe that long-term forced treadmill 
exercise is more beneficial to the spinal cord than to the brain 
in mice [33]. An interesting study also suggests that treadmill 
exercise promotes functional recovery in rats with SCI and 
that mechanical epigenetic changes in the motor cortex may 
contribute to the improvement of exercise induction [34]. 
Hydrostatic pressure plays an important role in eliminat-
ing limb swelling, improving vital capacity, and improving 
physical endurance. The physical stimulation of water on 
the surface of the skin can improve blood circulation, pro-
mote muscle relaxation, reduce spasms and pain, increase the 
painless range of motion, and improve balance and motor 
function. Given the fact that it is difficult for paralyzed lower
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limbs to move after SCI, we made the rats undergo active 
rehabilitation training under water flow and a conveyor belt 
[17]. A comparison of groups EM and M revealed that the 
expression of p-PKA and p-CREB levels in neurons was higher 
after the ET intervention. This suggests that the PKA/CREB 
pathway can be further enhanced by ET. Histological staining 
showed that ET could also significantly improve the patholog-
ical conditions of the cavity, reduction in the number of Nissl 
bodies, apoptosis, and nerve fiber osteoporosis caused by 
injury. Interestingly, in the double staining of BrdU/NeuN and 
BrdU/DCX, we also found more regenerated neurons in group 
EM. Furthermore, the expression levels of NF200, GAP43, 
MAP-2, synapsin I, and PSD95 were significantly higher in 
group EM, which was consistent with increased number of 
dendritic spines and the repair of synaptic plasticity. This 
series of results reveals that ET plays an indispensable role 
in promoting recovery from SCI. 

CNS injury can activate the PKA/CREB signal transduction 
pathway as an endogenous protective mechanism [35, 36]. 
The phosphorylation of PKA activates the phosphorylation 
site Ser133 of the downstream CREB, starts the transcrip-
tion of downstream genes, and plays a protective role on 
damaged nerve cells. Research has shown that stimulating 
the PKA/CREB signaling pathway can promote the secretion 
of a variety of neurotrophic factors, which is beneficial to 
nerve remodeling [37, 38]. Some researchers have also found 
that phosphorylation of CREB increases the excitability of 
hippocampal and striatal neurons in rodents, while inhibition 
reduces the excitability of neurons [39]. Reports indicate that 
CREB plays a role in embryonic neuronal development and 
PNS regeneration, and may be involved in the development 
and regeneration of the adult CNS [12, 40]. Following SCI, 
pathological mechanisms and signaling pathways involved 
exhibit complexity. Our findings revealed that ET resulted 
in significantly higher expression of p-PKA and p-CREB 
compared to group M. Such findings may be correlated with 
delayed necrotic or apoptotic death of CREB-producing cells 
in spinal anterior neurons following SCI, with ET contributing 
to the survival of these cells. As expected, we observed that p-
PKA was mainly expressed in the cytoplasm of neurons, while 
p-CREB was expressed in the nucleus. This is consistent with
the signaling pathway that has been elucidated, indicating that
the phosphorylation of PKA induced by the ET intervention
further promoted the phosphorylation of CREB in the nucleus
and ultimately promoted nerve remodeling.

To further understand the function of PKA/CREB sig-
naling pathway in ET-mediated nerve remodeling, we 
injected intrathecal H89, a widely used and highly selective 
PKA/CREB inhibitor, for comparison. We found that the 
expression of p-PKA and p-CREB in neurons decreased after 
the use of H89, suggesting that H89 has an excellent pathway 
inhibition effect. When the PKA/CREB signaling pathway 
was blocked, the tissue damage was aggravated and the 
neuronal activity decreased in group MI, accompanied by 
mixed nerve fibers and a large number of apoptotic cells. 
This partly explains why the group MI tended to have worse 
behavioral scores. The expression of recurrent neuronal and 
neural structural markers in the MI group was significantly 
lower than that in the M group. Unsurprisingly, after the use of 
H89, the myelin damage of neurons, loss of dendritic spines, 
and synaptic destruction were aggravated. According to 
such results, we can reasonably hypothesize that PKA/CREB 
signaling pathway may directly promote nerve remodeling by 

modulating neurogenesis. We subsequently investigated the 
association between exercise-induced nerve remodeling and 
PKA/CREB signaling pathway, and we compared groups EM 
and IEM. The behavioral scores of rats in the EM group were 
significantly higher than those in the IEM group, suggesting 
that the PKA/CREB signaling pathway was involved in the 
ET-mediated recovery of motor function. Interestingly, the 
improvement of the cavity area, neuronal activity, and nerve 
fibers induced by ET was reversed by the inhibitor H89, which 
further suggests that part of the tissue improvement mediated 
by ET was achieved through the PKA/CREB signaling 
pathway. Given our results and those of various other in-
depth studies, we have finally determined that ET-induced 
neuronal regeneration and neuronal structural protection are 
inseparable from the PKA/CREB signaling pathway. 

To sum up, this study’s findings demonstrated that the neu-
roprotective effect of ET was mediated in part by regulating 
PKA/CREB signaling pathway to promote nerve remodeling 
after SCI. Nevertheless, acknowledging major limitations of 
this research should be considered. First, confirmatory exper-
iments often cannot identify specific mechanisms. With our 
study, we could not rule out the effects of other signaling 
molecules caused by different ETs on the experimental results. 
Second, in clinical practice, gender differences often pro-
duce different results of diseases and interventions. With our 
experimental design, we could not verify a gender difference. 
Finally, because of limited experimental conditions, we failed 
to measure the neuroelectrophysiology of the unicellular after 
the intervention and could not assess membrane signaling and 
changes in the excitability of single cells. Given the deficiency 
of the experimental design, we will strive to improve it in 
future experiments. 

Conclusions 
To summarize, our findings indicated the following. (1) ET 
counteracted the H89-induced suppression of the PKA/CREB 
signaling pathway following SCI; (2) ET significantly allevi-
ated neuronal injury and improved motor dysfunction; (3) ET 
facilitated neuronal regeneration by mediating the PKA/CREB 
signaling pathway; (4) ET enhanced synaptic and dendritic 
spine plasticity, as well as myelin sheath remodeling, post-SCI 
through the PKA/CREB signaling pathway. 
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of ATF3 in neuronal differentiation and development of neuronal
networks in opossum postnatal cortical cultures. Int J Mol Sci.
2022;23:4964. https://doi.org/10.3390/ijms23094964.

13. Wang Z, Huang K, Yang X, Shen K, Yang L, Ruan R. et al. Down-
regulated GPR30 expression in the epileptogenic foci of female

patients with focal cortical dysplasia type IIb and tuberous sclerosis 
complex is correlated with18F-FDG PET-CT values. Brain Pathol. 
2021;31:346–64. https://doi.org/10.1111/bpa.12925. 

14. Kawaguchi K, Park J, Masaki T, Mezaki Y, Ochi S, Matsuura
T Comprehensive gene expression profiling of human astrocytes
treated with a hepatic encephalopathy-inducible factor, alpha 1-
antichymotripsin. Biochem Biophys Rep. 2020;24:100855. https://
doi.org/10.1016/j.bbrep.2020.100855.

15. Kim HY, Huang BX, Spector AA. Molecular and signaling
mechanisms for docosahexaenoic acid-derived neurodevelopment
and neuroprotection. Int J Mol Sci. 2022;23:4635. https://doi.o
rg/10.3390/ijms23094635.

16. He H, Ma Y, Huang H, Huang C, Chen Z, Chen D. et al. A
comprehensive understanding about the pharmacological effect
of diallyl disulfide other than its anti-carcinogenic activities. Eur
J Pharmacol. 2021;893:173803. https://doi.org/10.1016/j.ejpha
r.2020.173803.

17. Ying X, Yu X, Zhu J, Li X, Zheng Y, Xie Q. et al. Water treadmill
training ameliorates neurite outgrowth inhibition associated with
NGR/RhoA/ROCK by inhibiting astrocyte activation following
spinal cord injury. Oxid Med Cell Longev. 2022;2022:1724362.
https://doi.org/10.1155/2022/1724362.

18. Fang A, Wang Y, Guan N, Zuo Y, Lin L, Guo B. et al. Author
correctiou: porous microneedle patch with sustained delivery
of extracellular vesicles mitigates severe spinal cord injury. Nat
Commun. 2023;14:4603. https://doi.org/10.1038/s41467-023-
40368-w.

19. Zuo Y, Ye J, Cai W, Guo B, Chen X, Lin L. et al. Controlled delivery
of a neurotransmitter–agonist conjugate for functional recovery
after severe spinal cord injury. Nat Nanotechnol. 2023;18:1230–
40. https://doi.org/10.1038/s41565-023-01416-0.

20. Ying Y, Huang Z, Tu Y, Wu Q, Li Z, Zhang Y. et al. A shear-
thinning, ROS-scavenging hydrogel combined with dental pulp
stem cells promotes spinal cord repair by inhibiting ferropto-
sis. Bioact Mater. 2022;22:274–90. https://doi.org/10.1016/j.bioa
ctmat.2022.09.019.

21. Zhan J, Li X, Luo D, Hou Y, Hou Y, Chen S. et al. Polydatin
promotes the neuronal differentiation of bone marrow mesenchy-
mal stem cells in vitro and in vivo: involvement of Nrf2 signalling
pathway. J Cell Mol Med. 2020;24:5317–529.

22. Xie LL, Li SS, Fan YJ, Qi MM, Li ZZ Melatonin alleviates
traumatic brain injury-induced anxiety-like behaviors in rats: roles
of the protein kinase a/cAMP-response element binding signaling
pathway. Exp Ther Med. 2022;23:248. https://doi.org/10.3892/e
tm.2022.11173.

23. Hosseini-Zare MS, Salehi F, Seyedi SY, Azami K, Ghadiri T,
Mobasseri M. et al. Effects of pentoxifylline and H-89 on epilep-
togenic activity of bucladesine in pentylenetetrazol-treated mice.
Eur J Pharmacol. 2011;670:464–70. https://doi.org/10.1016/j.e
jphar.2011.09.026.

24. Ma Y, Chen J, Yu D, Wei B, Jin H, Zeng J. et al. cAMP-PKA
signaling is involved in regulation of spinal HCN channels function
in diabetic neuropathic pain. Neurosci Lett. 2021;750:135763.
https://doi.org/10.1016/j.neulet.2021.135763.

25. Liang G, Fu W, Wang K. Analysis oft-test misuses and SPSS
operations in medical research papers. Burns Trauma. 2019;7:31.
https://doi.org/10.1186/s41038-019-0170-3.

26. Randelman M, Zholudeva LV, Vinit S, Lane MA Respira-
tory training and plasticity after cervical spinal cord injury.
Front Cell Neurosci. 2021;15:700821. https://doi.org/10.3389/
fncel.2021.700821.

27. Maier IC, Baumann K, Thallmair M, Weinmann O, Scholl
J, Schwab ME Constraint-induced movement therapy in the
adult rat after unilateral corticospinal tract injury. J Neurosci.
2008;28:9386–9403. https://doi.org/10.1523/JNEUROSCI.1697-
08.2008.

28. Zenke F, Gerstner W. Hebbian plasticity requires compensatory
processes on multiple timescales. Philos Trans R Soc Lond B Biol
Sci. 2017;372:20160259. https://doi.org/10.1098/rstb.2016.0259.

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkae058/7966748 by guest on 13 O
ctober 2026

https://doi.org/10.1002/advs.201901240
https://doi.org/10.1002/advs.201901240
https://doi.org/10.1002/advs.201901240
https://doi.org/10.1002/advs.201901240
https://doi.org/10.1523/JNEUROSCI.2229-19.2020
https://doi.org/10.1523/JNEUROSCI.2229-19.2020
https://doi.org/10.1523/JNEUROSCI.2229-19.2020
https://doi.org/10.1523/JNEUROSCI.2229-19.2020
https://doi.org/10.1523/JNEUROSCI.2229-19.2020
https://doi.org/10.1523/JNEUROSCI.2229-19.2020
https://doi.org/10.1038/s41467-021-27419-w
https://doi.org/10.1038/s41467-021-27419-w
https://doi.org/10.1038/s41467-021-27419-w
https://doi.org/10.1038/s41467-021-27419-w
https://doi.org/10.1038/s41467-021-27419-w
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.3390/cells10081886
https://doi.org/10.3390/cells10081886
https://doi.org/10.3390/cells10081886
https://doi.org/10.3390/cells10081886
https://doi.org/10.3390/cells10081886
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
https://doi.org/10.1523/JNEUROSCI.0701-14.2014
https://doi.org/10.3390/biology10100976
https://doi.org/10.3390/biology10100976
https://doi.org/10.3390/biology10100976
https://doi.org/10.3390/biology10100976
https://doi.org/10.3390/biology10100976
https://doi.org/10.3390/biology10100976
https://doi.org/10.1080/10790268.017.1329076
https://doi.org/10.1080/10790268.017.1329076
https://doi.org/10.1080/10790268.017.1329076
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1021/acs.jafc.0c02689
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1016/j.brainresbull.2019.10.006
https://doi.org/10.1177/0960327120911438
https://doi.org/10.1177/0960327120911438
https://doi.org/10.1177/0960327120911438
https://doi.org/10.3390/ijms23094964
https://doi.org/10.3390/ijms23094964
https://doi.org/10.3390/ijms23094964
https://doi.org/10.3390/ijms23094964
https://doi.org/10.1111/bpa.12925
https://doi.org/10.1111/bpa.12925
https://doi.org/10.1111/bpa.12925
https://doi.org/10.1111/bpa.12925
https://doi.org/10.1016/j.bbrep.2020.100855
https://doi.org/10.1016/j.bbrep.2020.100855
https://doi.org/10.1016/j.bbrep.2020.100855
https://doi.org/10.1016/j.bbrep.2020.100855
https://doi.org/10.1016/j.bbrep.2020.100855
https://doi.org/10.1016/j.bbrep.2020.100855
https://doi.org/10.3390/ijms23094635
https://doi.org/10.3390/ijms23094635
https://doi.org/10.3390/ijms23094635
https://doi.org/10.3390/ijms23094635
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1016/j.ejphar.2020.173803
https://doi.org/10.1155/2022/1724362
https://doi.org/10.1155/2022/1724362
https://doi.org/10.1155/2022/1724362
https://doi.org/10.1038/s41467-023-40368-w
https://doi.org/10.1038/s41565-023-01416-0
https://doi.org/10.1038/s41565-023-01416-0
https://doi.org/10.1038/s41565-023-01416-0
https://doi.org/10.1038/s41565-023-01416-0
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.1016/j.bioactmat.2022.09.019
https://doi.org/10.3892/etm.2022.11173
https://doi.org/10.3892/etm.2022.11173
https://doi.org/10.3892/etm.2022.11173
https://doi.org/10.3892/etm.2022.11173
https://doi.org/10.1016/j.ejphar.2011.09.026
https://doi.org/10.1016/j.ejphar.2011.09.026
https://doi.org/10.1016/j.ejphar.2011.09.026
https://doi.org/10.1016/j.ejphar.2011.09.026
https://doi.org/10.1016/j.ejphar.2011.09.026
https://doi.org/10.1016/j.ejphar.2011.09.026
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1016/j.neulet.2021.135763
https://doi.org/10.1186/s41038-019-0170-3
https://doi.org/10.1186/s41038-019-0170-3
https://doi.org/10.1186/s41038-019-0170-3
https://doi.org/10.1186/s41038-019-0170-3
https://doi.org/10.3389/fncel.2021.700821
https://doi.org/10.3389/fncel.2021.700821
https://doi.org/10.3389/fncel.2021.700821
https://doi.org/10.3389/fncel.2021.700821
https://doi.org/10.3389/fncel.2021.700821
https://doi.org/10.1523/JNEUROSCI.1697-08.2008
https://doi.org/10.1098/rstb.2016.0259
https://doi.org/10.1098/rstb.2016.0259
https://doi.org/10.1098/rstb.2016.0259
https://doi.org/10.1098/rstb.2016.0259


14 Burns & Trauma, 2025, Vol.13, tkae058

29. Diering GH, Huganir RL. The AMPA receptor code of synap-
tic plasticity. Neuron. 2018;100:314–29. https://doi.org/10.1016/
j.neuron.2018.10.018.

30. Harris KM. Structural LTP: from synaptogenesis to regulated
synapse enlargement and clustering. Curr Opin Neuro-
biol. 2020;63:189–97. https://doi.org/10.1016/j.conb.2020.
04.009.

31. Li X, Wang Q, Ding J, Wang S, Dong C, Wu Q Exercise training
modulates glutamic acid decarboxylase-65/67 expression through
TrkB signaling to ameliorate neuropathic pain in rats with spinal
cord injury. Mol Pain. 2020;16:1744806920924511. https://doi.o
rg/10.1177/1744806920924511.

32. Sachdeva R, Theisen CC, Ninan V, Twiss JL, Houlé JD Exercise
dependent increase in axon regeneration into peripheral nerve
grafts by propriospinal but not sensory neurons after spinal cord
injury is associated with modulation of regeneration-associated
genes. Exp Neurol. 2016;276:72–82. https://doi.org/10.1016/j.e
xpneurol.2015.09.004.

33. Ohia-Nwoko O, Montazari S, Lau YS, Eriksen JL Long-
term treadmill exercise attenuates tau pathology in P301S tau
transgenic mice. Mol Neurodegener. 2014;9:54. https://doi.o
rg/10.1186/1750-1326-9-54.

34. Davaa G, Hong JY, Kim TU, Lee SJ Exercise ameliorates spinal
cord injury by changing DNA methylation. Cells. 2021;10:143.
https://doi.org/10.3390/cells10010143.

35. Bagheri S, Moradi K, Ehghaghi E, Badripour A, Keykhaei M,
Ashraf-Ganjouei A. et al. Melatonin improves learning and

memory of mice with chronic social isolation stress via an inter-
action between microglia polarization and BDNF/TrkB/CREB sig-
naling pathway. Eur J Pharmacol. 2021;908:174358. https://doi.o 
rg/10.1016/j.ejphar.2021.174358. 

36. Wang L, Gu S, Gan J, Tian Y, Zhang F, Zhao H. et al.
Neural stem cells overexpressing nerve growth factor improve 
functional recovery in rats following spinal cord injury via 
modulating microenvironment and enhancing endogenous neu-
rogenesis. Front Cell Neurosci. 2021;15:773375. https://doi.o 
rg/10.3389/fncel.2021.773375. 

37. Fujimura M, Usuki F. Site-specific neural hyperactivity via the
activation of MAPK and PKA/CREB pathways triggers neuronal
degeneration in methylmercury-intoxicated mice. Toxicol Lett.
2017;271:66–73. https://doi.org/10.1016/j.toxlet.2017.03.001.

38. Zhang J, Sun J, Zheng Q, Hu X, Wang Z, Liang Z. et al. Low-
level laser therapy 810-nm up-regulates macrophage secretion of
neurotrophic factors via PKA-CREB and promotes neuronal axon
regeneration in vitro. J Cell Mol  Med. 2020;24:476–87. https://
doi.org/10.1111/jcmm.14756.

39. Bao YN, Dai WL, Fan JF, Ma B, Li SS, Zhao WL. et al. The
dopamine D1-D2DR complex in the rat spinal cord promotes
neuropathic pain by increasing neuronal excitability after chronic
constriction injury. Exp Mol Med. 2021;53:235–49. https://doi.o
rg/10.1038/s12276-021-00563-5.

40. Ma TC, Willis DE. What makes a RAG regeneration associ-
ated? Front Mol Neurosci. 2015;8:43. https://doi.org/10.3389/
fnmol.2015.00043.

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
Burns & Trauma, 2025, 13, tkae058 
https://doi.org/10.1093/burnst/tkae058 
Research Article

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkae058/7966748 by guest on 13 O
ctober 2026

https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.neuron.2018.10.018
https://doi.org/10.1016/j.conb.2020.04.009
https://doi.org/10.1177/1744806920924511
https://doi.org/10.1177/1744806920924511
https://doi.org/10.1177/1744806920924511
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1016/j.expneurol.2015.09.004
https://doi.org/10.1186/1750-1326-9-54
https://doi.org/10.1186/1750-1326-9-54
https://doi.org/10.1186/1750-1326-9-54
https://doi.org/10.3390/cells10010143
https://doi.org/10.3390/cells10010143
https://doi.org/10.3390/cells10010143
https://doi.org/10.3390/cells10010143
https://doi.org/10.3390/cells10010143
https://doi.org/10.1016/j.ejphar.2021.174358
https://doi.org/10.1016/j.ejphar.2021.174358
https://doi.org/10.1016/j.ejphar.2021.174358
https://doi.org/10.1016/j.ejphar.2021.174358
https://doi.org/10.1016/j.ejphar.2021.174358
https://doi.org/10.1016/j.ejphar.2021.174358
https://doi.org/10.3389/fncel.2021.773375
https://doi.org/10.3389/fncel.2021.773375
https://doi.org/10.3389/fncel.2021.773375
https://doi.org/10.3389/fncel.2021.773375
https://doi.org/10.3389/fncel.2021.773375
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1016/j.toxlet.2017.03.001
https://doi.org/10.1111/jcmm.14756
https://doi.org/10.1111/jcmm.14756
https://doi.org/10.1111/jcmm.14756
https://doi.org/10.1111/jcmm.14756
https://doi.org/10.1038/s12276-021-00563-5
https://doi.org/10.1038/s12276-021-00563-5
https://doi.org/10.1038/s12276-021-00563-5
https://doi.org/10.1038/s12276-021-00563-5
https://doi.org/10.3389/fnmol.2015.00043
https://doi.org/10.3389/fnmol.2015.00043
https://doi.org/10.3389/fnmol.2015.00043
https://doi.org/10.3389/fnmol.2015.00043
https://doi.org/10.3389/fnmol.2015.00043
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/burnst/tkae058

	 Exercise therapy facilitates neural remodeling and functional recovery post-spinal cord injury via PKA/CREB signaling pathway modulation in rats
	Background
	Methods
	Results
	Discussion
	Conclusions
	 Acknowledgements
	Author contributions
	Conflict of interest
	Funding
	Data availability


