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Original Article
Thoracic Jia-Ji electro-acupuncture mitigates low 
skeletal muscle atrophy and improves motor function 
recovery following thoracic spinal cord injury in rats
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Abstract: Objectives: The goal of this study was to determine whether electro-acupuncture (EA) stimulation might 
protect the motor endplate, minimize muscle atrophy in the hind limbs, and enhance functional recovery of rats with 
spinal cord injury (SCI). Methods: Sprague-Dawley adult female rats (n = 30) were randomly assigned into Sham, 
SCI, and EA + SCI groups (n = 10 each). Rats in the Sham and SCI groups were bound in prone position only for 30 
min, and rats in the EA + SCI group were treated with electro-acupuncture. The EA was conducted from the first day 
after surgery, lasted for 30 mins, once every day for 28 consecutive days. Results: EA significantly prevented motor 
endplate degeneration, improved electrophysiological function, and ameliorated hindlimb muscle atrophy after SCI. 
Meanwhile, EA upregulated Tuj-1 expression, downregulated GFAP expression, and reduced glial scar formation. 
Additionally, after 4 weeks of EA treatment, the serum of SCI rats exhibited a reduced inflammatory response. 
Conclusion: These findings suggest that EA can preserve the motor endplate and reduce muscular atrophy. In 
addition, EA has been shown to improve the function of upper and lower neurons, reduce glial scar formation, 
suppress systemic inflammation, and improve axon regeneration.
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Introduction

Spinal cord injury is a common disabling injury 
of the nervous system, which causes motor, 
sensory, urinary, and anal dysfunction and 
endangers the lives of patients [1]. According to 
a recent estimate, the annual incidence of 
spinal cord injury in the United States is 
approximately 54 cases per million people or 
approximately 17,000 new SCI cases per year 
[2]. SCI undergoes two stages: initial injury and 
secondary injury [3-5]. Primary spinal cord 
injury is often caused by compression, tear, 
distortion or shearing, which often results in 
axon fracture, nerve tissue destruction, and 
neuronal death. Then a cascade of intricate 
responses including edema, ischemia-reper- 
fusion, inflammation, excitotoxicity, and oxida- 
tive stress-subsequently drives a secondary 

damage phase. Secondary damage from pri- 
mary mechanical SCI can rapidly occur, result- 
ing in an inflammatory response and neuronal 
death in the affected region [6, 7]. Long-term 
complications after SCI are quite common and 
severe, leading to reduced life expectancy and 
increased morbidity. This imposes a huge phy- 
sical and emotional cost on individuals and 
families, and substantial financial burden on 
society. However, contemporary medicine cur- 
rently lacks a viable pharmacological or me- 
thodological therapy for SCI. Therefore, the 
need for innovative treatment approaches for 
SCI has become critical.

With the advancement of medical equipment 
and technology in recent years, EA has become 
a hot spot for treating a variety of diseases. EA 
benefits from traditional acupuncture and el- 
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ectrical stimulation, and it can be rapidly 
performed following a standard stimulation 
protocol [8]. Studies have shown that EA is 
effective in lowering high blood pressure (BP) in 
clinical practice [9]. In addition, EA has been 
demonstrated to be effective in treating obesity 
[10] and is regarded as an effective and safe 
approach for treating stroke and diabetic 
peripheral neuropathy [11, 12]. Although EA 
has been proven to be an effective treatment 
for spinal cord injury, few studies have been 
conducted on muscle atrophy after spinal cord 
injury. Frequency is a crucial parameter of EA 
stimulation. The optimal frequency of electro-
acupuncture differs a lot in different diseases, 
exhibiting frequency specificity [13]. Injury of 
upper and lower motoneurons can cause 
muscle atrophy. The integrity of the motor 
endplate plays an essential role in maintaining 
the morphology of the target muscle. However, 
the underlying mechanism responsible for the 
muscle atrophy after the effects of EA on spinal 
cord injury remains unclear. 

Motor endplates are the connections between 
motor neuron axons and skeletal muscle fibers. 
The motor endplate connects alpha motor 
neurons in the anterior horn to skeletal muscle 
fibers [14]. The upper and lower motor neurons 
interact continuously under normal physiolo- 
gical circumstances. After a spinal cord injury, 
motor neurons cannot transmit nerve impulses 
to skeletal muscles, and rapidly denervated 
muscles atrophy. Studies have shown a 40%-
60% reduction in skeletal muscle mass two 
weeks after spinal cord transection compared 
to the sham control group [15]. As a result, not 
only motor neurons in the spinal cord but also 
the neuromuscular junction (motor endplates) 
plays a role in healing, 

As mentioned above, spinal cord injury leads to 
substantial alterations in muscles innervated 
below the level of damage. At present, many 
studies have been conducted to promote spinal 
cord repair with the aim of exploring the 
treatment effects of spinal cord injury. However, 
few studies investigating the degeneration and 
protective measures of muscle effectors at the 
distal end of the injured spinal cord and target 
organs have been conducted. Thus, this study 
aimed to determine whether EA stimulation to 
rats with spinal cord injuries might protect the 
motor endplate, minimize muscle atrophy in the 
hindlimbs, and enhance functional recovery. 

Materials and methods

Animals

Thirty healthy, female Sprague-Dawley (SD) rats 
(eight weeks old, 200±20 g body weight) were 
purchased from the Laboratory Animal Center 
of Xi’an Jiaotong University (SVCM2021031- 
5019). All procedures were carried out in 
accordance with the Guidelines for Animal  
Care and Use (China) and approved by the 
Experimental Animal Ethics Committee of 
Shaanxi University of Chinese Medicine. In a 
controlled setting with a constant temperature 
of 20°C-25°C, 60±5% humidity, and a 12/12-h 
light/dark cycle, rats were fed normal fodder 
and readily available food and drink. Experi- 
ments were begun following a seven-day 
adaptation period. The animals were randomly 
divided into three groups: (1) Sham group, (2) 
SCI group (without treatment), and (3) EA + SCI 
group. 

Spinal cord injury model

SCI models were created using procedures  
that have been previously published [16]. All 
rats were sedated intraperitoneally with 1% 
pentobarbital sodium (50 mg/kg). To comple- 
tely expose the spinal cord, the T10 vertebral 
lamina and spinous process were removed 
using rongeur forceps, and a substantial crush 
damage was produced for 60 sec with a 
vascular clip (30 g forces, Oscar, Shanghai, 
China). The Sham group of rats received the 
same surgical treatment as the other rats, but 
were not compressed. The rats were then 
placed on heating pads until they recovered 
from anesthesia and were able to return to 
their clean cages. To avoid infection, the rats’ 
bladders were manually expressed three times 
daily after surgery, and all animals were given 
an intramuscular injection of penicillin (160,000 
U/ml/d). 

Electro-acupuncture stimulation

For EA treatment, the rats were immobilized in 
wooden holders. Rats were given EA therapy at 
the T9 and T10 Jiaji (EX-B2) acupoints, which 
were placed on opposite sides of the dorsal 
section of the spine, proximal and distal to the 
damaged segment 16 (Figure 1A) [17]. We 
used sterilized disposable stainless steel nee-
dles (0.25 mm × 25 mm diameter). The needle 
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was pushed 4-5 mm into the skin until it hit the 
erector spine, and then it was attached to a 
pair of electrodes from the acupuncture nerve 
stimulator. The parameters were set as follows: 
a square wave output at 20 Hz and a current 
intensity of 1 mA, which caused mild vi- 
bration of the muscles around the acupuncture 
sites. The EA was conducted from the first day 
after the surgery and lasted 30 min, once every 
day for 28 consecutive days. Rats in the Sham 
and SCI groups were bound in prone position 
only for 30 min, and rats in the EA + SCI group 
were treated with electro-acupuncture. Experi- 
mental protocols are illustrated in Figure 1B. 

Hindlimb exercise score

The Basso, Beattie, and Bresnahan (BBB) sco- 
re, which has 22 grades ranging from 0 to 21, is 
used to evaluate the recovery of hind limb 
motor function in rats after SCI [18]. Complete 
paralysis is indicated by a score of 0, whereas 
full motor function is indicated by a score of 21. 
The rats’ bladders were manually expressed 
before the test to reduce the impact of a full 
bladder on locomotor activity. Three minutes 
were spent watching rats in an open field. Each 
rat was measured three times, and the average 
integer value was recorded. Two assessors 
blinded to the experimental groups collected 

and analyzed BBB scores 1 day before surgery 
and 1, 3, 7, 14, 21, and 28 days after damage.  

Oblique board test

The oblique board test was performed on pre-
injury day 1 as well as post-injury days 1, 3, 7, 
14, and 28. The rats were placed on a board 
with one side attached to the ground and the 
board gently lifted to fix the opposite side. The 
rats’ greatest angle was measured when they 
remained on the board for 5 sec without falling. 
After each rat was examined three times, the 
average value was used to determine the final 
conclusion. 

Electrophysiological recording

Electrophysiological recordings were carried 
out as previously described 4 weeks after SCI. 
Electrophysiological studies were done on the 
hind limbs after subcutaneous anesthesia wi- 
th 1% pentobarbital sodium (50 mg/kg). The 
anesthetized rat was fixed in a stereotaxic 
apparatus (model 1404, David Kopf, Tujunga, 
CA, USA), and the scalp was exposed. The gas-
trocnemius muscle in the hindlimbs was used 
to elicit Motor Evoked Potentials (MEPs). The 
stimulus strength (approximately 1.0-3.0 mA) 
and stimulus frequency (0.2 ms and 1.9 Hz, 

Figure 1. Schematic diagram of EA and experimental procedure. A. A schematic diagram illustrates the location of 
selected Jia-Ji acupoints in a rat, and shows the method of the electrical stimulation conducted by electroacupuncture 
apparatus. B. Experimental protocol: all rats were fed adaptively for 7 days and randomly divided into three groups: 
Sham group (n = 10), SCI group (n = 10) and EA + SCI group (n = 10). Spinal cord injury models were made in 
SCI group and EA + SCI group. The EA + SCI group started intervention from the first day postsurgery. The rats in 
the Sham group and SCI group were bound with 30 min with a rat retainer during electro-acupuncture. Finally, 
Corresponding indexes were detected at each time point.
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respectively) were adjusted to a reasona- 
ble range. The recording electrode was insert-
ed in the relevant cortical sensory area for SEP 
signals (beneath the scalp near the coronal  
and sagittal sutures). The recording electrode 
was positioned 0.5 cm behind the reference 
electrode. In addition, rats’ tails were immers- 
ed in saline solution when MEPs and So- 
matosensory Evoked Potential (SEPs) were 
measured. The latency and amplitude of MEP 
and SEP were analyzed. 

Motor endplates examination

To identify the motor endplate distribution and 
morphology, the gastrocnemius muscles of 
rats were stained with the Acetylcholinesterase 
(AChT) Staining Solution Kit (cupric ferrocya-
nide technique) (Solaibio, Beijing, China). The mus- 
cles were embedded in the Tissue-Tek O.C.T. 
compound, and serial 7 μm slices were cut and 
mounted onto polylysine-coated slides using a 
Frozen Slicer (Leica CM1950, Germany).  

Gastrocnemius muscle wet weight

After meticulous dissection of accompanying 
tendons and fascia, the gastrocnemius of both 
lower limbs were completely removed. Then, 
the rats in each group were weighed with a pre-
cision weighing scale (0.01 g) on absorbent fil-
ter paper, and the average wet weight of the 
gastrocnemius of each group was compared. 

Hematoxylin-eosin and masson staining

All animals were sacrificed by intraperitoneal 
injection of an overdose of sodium pentobar- 
bital at the experimental endpoint, and their 
gastrocnemius muscle and myocardium were 
detected. The mid-belly of the gastrocnemius 
muscle and the left ventricular myocardium 
were fixed, dehydrated, embedded in paraffin, 
and sectioned transversely with a paraffin 
microtome at a thickness of 5 mm (Leica RM 
2235, Germany). One section of every 100 m of 
the chosen muscle segment was stained with 
hematoxylin and eosin (HE), for a total of three 
sections per rat. Images of five random fields of 
each muscle segment were captured using a 
bright field microscope (Leica DM IRB) at a 
standard magnification of 10 x. The section 
area (CSA) of gastrocnemius muscle fibers was 
quantified using Image J software (NIH, USA). 
To assess the impact of electroacupuncture  

on the myocardium, we evaluated the degree  
of myocardial fibrosis in the left ventricle. 
According to the manufacturer’s protocols, the 
left ventricular myocardium was stained with 
hematoxylin-eosin or Masson (Solaibio, Beijing, 
China). Five random fields were selected from 
the three sections obtained from each animal 
for observation under a brightfield microscope 
(Leica DM IRB) image analyzer. Hematoxylin-
Eosin and Masson staining methods were as 
described previously [19, 20]. 

Immunofluorescence staining of Tuj-1 and 
GFAP

The animals were perfused transversally with 
100 mL cold physiological saline and 300 mL 
4% paraformaldehyde-phosphate buffer solu- 
tion after 4 weeks. After being stored in 4% 
paraformaldehyde overnight, the spinal cords 
were extracted and cryoprotected in 0.1 M 
phosphate buffer containing 30% sucrose at 
4°C. On a frozen microtome, the spinal cord 
was cut longitudinally, and 8 sets of every 5th 
serial section were mounted on gelatin-coated 
glass slides. The immunofluorescence staining 
was done as described previously [21]. All sam-
ples were blocked in PBS supplemented with 
0.3% Triton X-100 and 10% normal donkey 
serum for 1 h. The primary antibodies were 
incubated at 4°C overnight. Samples were 
treated with secondary antibodies (1:200, 
Abcam) and DAPI (1:1000, Abcam) after wash- 
ing in PBS, and fluorescence microscopy was 
used to examine them. The primary antibodies 
were anti-Tuj-1 (neuronal marker, 1:300, Ab- 
cam) and anti-GFAP (astrocyte marker, 1:300, 
Abcam). 

Measurement of IL-6 and IL-10 levels in serum

Whole blood samples were collected from the 
rats’ tails in each group at 1, 3, 7, and 14 days 
post-injury (dpi). The samples were centrifuged 
for 10 min at 3000 rpm and separated to 
obtain serum after 10-20 min of spontaneous 
coagulation at room temperature. Then, the lev-
els of IL-6 and IL-10 in rat serum were quanti-
fied using commercial ELISA kits (Jiangsu 
Enzyme Industrial Co., Ltd, China), according to 
the manufacturer’s instructions. According to 
the manufacturer’s specifications, the absor- 
bance was measured at 450 nm. The IL-6 and 
IL-10 content of each sample was evaluated 
using the standard curve, and the IL-6 and IL-10 
levels were expressed in pg/mg protein. 
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Statistical analysis

The statistical significance of the difference 
between groups was determined using a one-
way analysis of variance, followed by the post-
doc least significant difference range test. Data 
are expressed using the mean and standard 
deviation (SD) of at least three separate ex- 
periments. A statistically significant differen- 
ce was identified as one with a P < 0.05. SPSS 
version 25 was used for the analysis. 

Results

EA improved hindlimb motor function after SCI 
in rats

Normal rats had a baseline BBB score of 21 
points. After the SCI model was established, 

rats in the sham-operated group showed nor-
mal function with a BBB score of 21. SCI 
reduced locomotor performance as measured 
by the BBB rating scale. Over the 4 weeks, a 
gradual recovery was observed in all SCI 
groups. The EA + SCI group showed lower BBB 
scores than the sham group at 7, 14, 21, and 
28 days (P < 0.001). On these time points, the 
BBB scores in the EA + SCI group were some-
what higher than those in the SCI group (P < 
0.05) (Figure 2A, 2B). At 7, 14, 21, and 28 days 
after the oblique board test, the EA + SCI group 
had a smaller angle than the sham group (P < 
0.001). In comparison to the SCI group, the 
angle was slightly larger in the EA + SCI group 
at these time points (P < 0.05) (Figure 2C, 2D). 
These results showed that EA improved hind 
limb motor function at 7, 14, 21, and 28 days 
after spinal cord injury. 

Figure 2. EA improved locomotor functional recovery after SCI. A, C. Locomotor function in the hindlimbs was 
evaluated by BBB score and oblique board test at -1, 3, 7, 14, 21, and 28 days post injury. B. Quantification of the 
BBB score on day 28 in each group. D. Quantification of the oblique board test angle on day 28 in each group. *P 
< 0.05, **P < 0.01, ***P < 0.001 compared with Sham group; ###P < 0.001 compared with SCI group. (n = 10).
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EA contributed to electrophysical recovery af-
ter SCI

The latency and amplitude of SEPs and MEPs 
suggested the recovery of electrophysiological 
function. The amplitude and latency of the MEP 
and SEP are commonly assumed to indicate 
the number of excited axons and the nerve’s 
conduction velocity, respectively, as extensively 
used clinical evaluation criteria. As seen in 
Figure 3A and 3B, SCI increased the average 
signal to response latency (19.970±1.462 ms, 
compared to 10.730±1.383 ms in the Sham 
group, P < 0.001) and decreased the mean am- 
plitude of SEPs (0.288±0.045 mv, compared to 
2.540±0.167 mv in Sham group, P < 0.001). EA 
shortened the latency (15.710±0.790 ms, com- 
pared to 19.970±1.462 ms in SCI group, P < 
0.001) and raised the amplitude (1.505±0.063 
mv, compared to 0.288±0.045 mv in SCI gro- 
up, P < 0.001) of SEPs. Figure 3C and 3D illu- 
strate the MEP amplitude and latency of the 
Sham, SCI, and EA + SCI groups 28 days after 
SCI. The results showed that the latency of  
MEP in the SCI group (12.220±0.434 ms) was 
longer compared with the Sham group (4.787± 
0.389 ms; P < 0.001), but EA inhibited the in- 
crease in latency (EA + SCI group: 8.668±0.413 

es in the EA + SCI group was more than that in 
the SCI group. This finding could indicate that 
the motor endplate of the gastrocnemius of SCI 
rats underwent pathological alterations in 
structure. To some extent, EA can protect the 
motor endplate of rats following spinal cord 
injury. 

EA mitigated low skeletal muscle atrophy and 
increased the gastrocnemius muscle wet 
weight

The gastrocnemius muscle’s wet weight and 
cross-sectional area of muscle fibers were 
measured 28 days after spinal cord injury 
(Figure 5). Substantial skeletal muscle atrophy 
could result from a spinal cord injury. The 
degree of gastrocnemius muscle loss was 
determined among the three groups of rats. 
The SCI group showed significantly lower wet 
weight than the EA + SCI group at 4 weeks  
after the injury 18.1% (P < 0.001). Hematoxylin-
eosin-stained transversely sectioned gastro- 
cnemius muscle further showed that SCI 
caused gastrocnemius muscle fiber atrophy in 
both SCI groups. Initially, the cross-sectional 
areas of the SCI groups decreased. We can 
calculate muscle fiber diameter according to 

Figure 3. EA contributed to electrophysiological recovery after SCI. The plots 
showed the amplitude (A) and latency (B) of SEPs. The plots showed the 
amplitude (C) and latency (D) of MEPs. ***P < 0.001 compared with Sham 
group; ###P < 0.001 compared with SCI group. Data are represented as 
mean ± SD, (n = 10). 

ms). The EA + SCI group gene- 
rated a higher amplitude than 
the SCI group (EA + SCI group 
vs. SCI group: 0.850±0.041 
mv vs. 0.239±0.032 mv, P < 
0.001). These data indicated 
that EA aided in recovering 
electrophysiological function 
following SCI. 

EA protected the function 
and morphology of the motor 
endplate

As shown in Figure 4, the blue 
nucleus can be observed un- 
der light microscopy following 
AChT labeling. The motor end-
plate longitudinal aggregation 
distribution site on the muscle 
fibers appears dark brown. 
MEP was less dispersed and 
the waveform shape changed 
in the gastrocnemius muscle 
of rats after spinal cord injury 
compared to the sham group. 
The number of motor endplat- 
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the cross-sectional area of the muscle fiber, 
which reflects muscular atrophy more directly. 
At 4 weeks, the mean area of the SCI group was 
significantly lower than that of the EA + SCI 
group at 42.8% (P < 0.01). Additionally, it was 
discovered that EA therapy could partially re- 
duce muscle fiber atrophy. Compared to the 
Sham group, the muscle conditions of the 
EA-treated rat did not fully recover to the pro-
jected level (P < 0.05). Thus, EA can alleviate 

muscle atrophy in rats following spinal cord 
injury to a certain extent. 

EA attenuates neurologic damage and pro-
motes neuroregeneration after SCI

To elucidate the effects of EA on the protection 
of nerve, immunofluorescence staining was us- 
ed to quantify Tuj-1 and GFAP. Figure 6A shows 
that the GFAP-positive glial scar and Tuj-1-

Figure 4. Evaluation for improving effects of EA on motor endplate activity by testing the acetylcholinesterase levels. 
Images for acetylcholinesterase stained gastrocnemius tissues. The site of the motor endplate appears as a dark 
brown color after the AChE staining. The nucleus is blue. Scale bars = 200 μm. n = 6 rat per group.

Figure 5. EA treatment alleviated skeletal muscle atrophy following spinal cord injury. (A-C) Representative muscle 
fibers stained by hematoxylin and eosin are displayed in the Sham, SCI, and EA + SCI groups, respectively. (D) Wet 
weight of gastrocnemius muscle. (E) Quantification of cross-sectional area (μm2) of gastrocnemius muscle fibers. 
**P < 0.01, as compared with the Sham group; ##P < 0.01, as compared with the SCI group. Data are presented as 
mean ± SD. n = 6, Scale bars = 200 μm in (A-C).
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positive cells were present at the lesion site 4 
weeks after SCI. As demonstrated in Figure 6B, 
EA therapy substantially suppressed the astro-
cytic response and decreased the severity of 
early gliosis following SCI in the EA + SCI groups. 
The intensity of GFAP in the SCI group was high-
er than that in the EA + SCI group (SCI group 
compared with the EA + SCI group: 57.550± 
1.348 vs. 43.760±1.171). In addition, com-
pared to the SCI group (Figure 6C), more Tuj-1 
appeared in the lesion area of the EA + SCI 
group (21.450±1.132), suggesting that EA faci- 

litated the differentiation of neural stem cells 
into neurons. The result indicates that neurons 
degenerated in the lesion site of the SCI group 
in the absence of therapy. 

Effect of EA on the levels of IL-6 and IL-10 in 
the serum of rats

Inflammation has a role in SCI pathophysio- 
logy, and severe inflammation destroys normal 
tissue and slows functional recovery. The re- 
lease of inflammatory cytokines that promote 

Figure 6. Immunofluorescence staining of spinal cord tissue and evaluation. (A) Immunofluorescence of SCI staining 
with astrocytes marker GFAP and neuron marker Tuj-1. Intensity analysis of (B) astrocytes marker GFAP expression, 
(C) neuron marker Tuj-1 expression. **P < 0.01, ***P < 0.001 as compared with the Sham group; ##P < 0.01, as 
compared with the SCI group. Data are presented as mean ± SD. n = 6, Scale bars = 400 μm.
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cell death and tissue degradation characteriz-
es early microglia/macrophage recruitment fol-
lowing SCI. On days 1, 3, 7, and 14 following the 
surgery, ELISA was used to examine the ex- 
pression of the pro-inflammatory cytokine IL-6 
and the anti-inflammatory cytokine IL-10 in the 
serum of each group. As shown in Figure 7, IL-6 
levels were significantly upregulated at 1, 3, 7, 
and 14 days after SCI in the SCI group compar- 
ed to that in the Sham and EA + SCI groups  
(P < 0.05), reaching a peak at 7 days. The cor-
responding IL-6 levels in SCI group were 
112.292±2.165, 126.333±6.813, 132.986± 
5.172, and 119.792±2.165 pg/ml at 1, 3, 7, 
and 14 days post-SCI, respectively. IL-10 levels 
were substantially upregulated at 1, 3, and 7 
days after SCI in the EA + SCI group compared 
to that in the SCI group (P < 0.05). The cor- 
responding IL-10 levels in the EA + SCI group 
were 36.402±1.096, 36.332±0.566, 37.509± 
0.932 pg/ml at 1, 3, and 7 days post-SCI, re- 
spectively. The IL-10 level in serum was signifi-
cantly increased in the SCI group at 14 days 
after SCI (38.472±1.266 pg/ml). However, the- 
re was no significant difference compared to 
the EA + SCI group at 14 days after SCI. 

Effect of EA on the myocardial fibrosis of rats 
after SCI

The myocardial tissue was taken for HE and 
Masson staining to observe the changes in the 
myocardium. As shown in Figure 8, there was 
no significant difference among the three gro- 

ups. HE showed that there was no significant 
difference in the infiltration of inflammatory 
cells and cardiomyocytes in rats. The fibrotic 
response is crucial for maintaining the struc-
ture of the heart and sustaining cardiac func-
tion in response to injury. The collagen fiber 
network linking neighboring cells was intact, 
and the collagen fiber quantity was reduced, 
indicating that the collagen distribution (Mass- 
on positive material) was virtually uniform.

Discussion

The present study investigated whether EA can 
alleviate skeletal muscle atrophy after SCI. We 
have confirmed that EA at Jiaji points could pro-
tect motor endplate and prevent hindlimb mus-
cle atrophy following SCI. Moreover, EA enhanc-
es the recovery of locomotor functions, facili-
tates the electrophysiological recovery after 
SCI, elevates the expression levels of Tuj-1, and 
inhibits the expression levels of GFAP at bio- 
logically plausible time points after SCI. At the 
same time, EA is safe to a certain extent by 
inhibiting inflammation in the serum of SCI rats 
and has no adverse effects on the myocard- 
ium. Such injury-induced secondary effects on 
linked musculature that are not directly related 
to the damage may give new therapeutic tar-
gets for improving functional recovery after SCI. 

EA is a traditional Chinese medicine therapy 
that is often utilized in clinical settings to en- 
hance the prognosis of spinal cord and neuro-

Figure 7. Effect of EA on serum inflammatory cytokine concentrations in SCI rats. Serum concentrations of IL-6 (A) 
and IL-10 (B) inflammatory cytokines were detected by ELISA. Standard curves were constructed by plotting the 
mean absorbance for each standard on the X -axis against the concentration on the Y-axis and a best fit line was 
drawn, determined by regression analysis. *P < 0.05, as compared with the Sham group. #P < 0.05, as compared 
with the SCI group. Data are expressed as the mean ± SD (n = 6; one-way analysis of variance and Tukey’s post hoc 
test). The experiment was repeated in triplicate. 
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muscular injuries. After SCI, EA at Jiaji sites 
combines acupuncture and electric field effects 
on the damaged spinal cord. The Huatuo Jiaji 
points are 34 acupoints located 0.5 inches lat-
eral to the first thoracic and fifth lumbar verte-
bras in the human body. Based on anatomy, EA 
on Jiaji points can stimulate the appropriate 
posterior ramus of the spinal nerve originating 
from the lower vertebrae. Numerous clinical 
investigations have established that EA has a 
definite effect on spinal cord injury [22]. Scho- 
lars have also conducted much research on the 
mechanism of electro-acupuncture, which is 
shown in the following aspects: Electro-acu- 
puncture has been shown to inhibit the inflam-
matory response and oxidative stress [23-26], 
reduce ischemia and hypoxia [27], inhibit cell 
death [28], reduce glial scar formation [29], 
and secrete a variety of nerve growth active 
substances to promote nerve cell growth, axon 
regeneration and remyelination [30-32]. After 
spinal cord injury, severe muscular atrophy 

develops in lower limb muscles due to long-
term denervation and disuse. There is evidence 
that EA has a favorable effect on muscular atro-
phy therapy [33, 34]. According to the current 
findings, EA is beneficial to the survival of motor 
endplates in SCI and improves the atrophy of 
muscles afflicted by the spinal cord damage. 
On the other hand, the BBB test is a valuable 
approach for assessing free locomotive behav-
ior in animals with spinal cord injuries. In our 
study, the BBB score was higher in the EA + SCI 
group after 7 days at various time points than 
the SCI group, demonstrating that EA contrib-
utes to the recovery of hind limb motor func-
tion. These findings serve as an important 
experimental benchmark for EA in the treat-
ment of SCI.

Disuse atrophy is caused by the loss of higher 
motor neurons, which occurs in SCI or lower 
motor neurons (denervation) [35]. Recovery of 
motor function after a spinal cord injury is 
dependent on the nervous system’s ability to 

Figure 8. Effect of EA on the myocardial fibrosis of rats after SCI. Representative photomicrographs of HE and Mas-
son’s staining of the myocardium of rats. n = 6, Scale bars = 400 μm.
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self-repair and the integrity of the motor end-
plate [36, 37]. However, the speed of self-repair 
of the nervous system is slow. Once the target 
muscle begins to atrophy, the motor endplate 
loses its integrity and becomes challenging to 
control again. The spinal cord motor nerve has 
a nutritional effect on the target muscle [38, 
39]. Neurotrophic factors are found in the 
motor neurons of the spinal cord, which help to 
preserve the morphology of the target muscle 
and the normal function of the motor endplate. 
As shown in Figure 4, the number of motor end-
plates in the EA + SCI group was more than that 
in the SCI group. This suggests that EA can pro-
tect the motor endplate. Sciatic nerves domi-
nate the hindlimbs. Anatomically, 60%-70% of 
the spinal fibers that comprise the sciatic nerve 
originate from the L5 segment [40]. EA on Jiaji 
points can excite the same posterior ramus of 
the spinal nerve that originates from the lower 
vertebrae, as expected. The EA + SCI group had 
a higher BBB score, wet weight, and gastrocne-
mius muscle fiber cross-sectional area than the 
SCI group in the hindlimbs. As a result, our find-
ings showed that EA is essential for sensory 
afferent projections to spinal motor neurons, 
and has the ability to change their connections. 
EA in thoracic Jiaji points shows the superior 
protective effects of lower motor neurons. 

We must also consider on the safety aspects 
and side effects of EA. The frequency and wave 
type of EA are critical for individuals undergo- 
ing SCI functional rehabilitation. Based on ele- 
ctrophysiology, the optimum electric current 
and frequency should be determined. Previous 
research has shown that EA stimulation at 50 
Hz improves motor function continuously and 
significantly, whereas EA stimulation at 100  
Hz improves locomotor activity noticeably but 
not significantly [41]. By improving lysosomal 
function, boosting autophagy flux, lowering 
necroptosis, and regulating neuron death, Yin 
et al. demonstrated that EA stimulation at 100 
Hz can recover hind limb motor function in rats 
following SCI [17]. By blocking the Notch signal-
ing pathway via manipulation of the H19/EZH2 
axis, Geng et al. discovered that electrical stim-
ulation at a frequency of 2 Hz can speed SCI 
rats’ recovery and promote the proliferation 
and differentiation of neural stem cells (NSCs) 
[42]. Our study found that EA stimulation at 20 
Hz preserved the motor endplate and reduced 
muscle atrophy of the hindlimbs after SCI. EA 

stimulation (60 Hz for 1.05 s and 2 Hz for 2.85 
s, pulse width 0.5 ms) was discovered by Zhang 
et al. to help with muscle atrophy in the hindlimb 
[34]. It also enhances the expression of NT-3 
and ChAT, which is specifically located in the 
ventral horns of lumbar motor neurons. This 
suggests that different waveform electric acu-
punctures have a similar effect. Pro-inflam- 
matory cytokines, such as IL-1, IL-6, and IL-10, 
are critical contributors in secondary injury. Our 
studies found that EA decreased inflammatory 
factors (IL-6 and IL-10), suggesting that EA  
suppressed the inflammatory reaction. Fur- 
thermore, the Masson staining results showed 
that the fibrosis area in the SCI group and EA + 
SCI group had no significant difference com-
pared with the sham group. This indicates that 
electro-acupuncture causes no damage to the 
myocardium and is safe to some extent. Overall, 
our results collectively suggest that EA stimula-
tion allows a wide range of parameters and can 
inhibit inflammation, and shows certain level of 
safety. 

Tuj-1 is a β-III tubulin that is thought to be 
involved in the cell type-specific differentiation 
of neurons. Antibodies to Tuj-1 are often used 
to mark the early stages of neuronal differen- 
tiation [43]. When the synaptic differentiation 
of neurons is impaired, the expression level of 
Tuj-1 is decreased, and Tuj-1 can be used as a 
specific marker of synaptic differentiation [44]. 
Glial fibrillary acidic protein (GFAP) is one of  
the greatest predictors of astrocyte activation 
in the central nervous system after injury or 
stress [45]. After spinal cord injury, astrocytes 
were activated, underwent structural and fun- 
ctional changes, and the expression level of  
the structural protein GFAP was significantly 
increased [46, 47]. The early glial scar can pro-
tect the damaged area and improve the micro-
environment, but the glial scar is a physical and 
chemical barrier. The role of glial scar in inflam-
mation and axonal regeneration has long been 
regarded as a double-edged sword. Astrocytes 
respond to central nervous system injury by 
proliferation and glial scar formation [48]. 
Therefore, immunofluorescence was used to 
examine these two types of proteins, and the 
results are displayed in Figure 6. The expres-
sion of tuj-1 in the SCI group was lower than 
that in the other two groups. In comparison to 
Tuj-1, an opposite tendency may be observed 
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for GAFP expression. The SCI group expressed 
more GFAP than the EA + SCI group. This sug-
gests that early intervention by EA after spinal 
cord injury can downregulate GFAP expression 
and reduce astrocyte activation, decreasing 
the development of glial scars. As indicated 
previously, EA has been proven to successfully 
promote spinal cord repair by favoring the cre-
ation of new neurons and suppressing astro-
cyte growth. Collectively, our findings shed light 
on the mechanisms behind the efficacy of elec-
tro-therapeutic acupuncture in the treatment of 
SCI. 

In conclusion, the results showed that EA at 
EX-B2 could protect the motor endplate, reduce 
muscle atrophy of the hindlimbs, and recover 
the motor function after SCI. In addition, EA can 
protect neurons, reduce glial scar formation, 
and improve axon regeneration. Furthermore, 
EA is particularly safe, causes no damage to 
the myocardium, and can inhibit the systemic 
inflammatory response in rats with spinal cord 
injury. This study shows a new perspective on 
the intervention effect of EA on spinal cord 
damage and proposes a novel concept for 
selective therapeutic intervention after SCI. 
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