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Abstract. This study was performed in order to investigate 
the effect of electroacupuncture (EA) on motoneurons and 
the expression of neuronal nitric oxide synthase (nNOS) 
following brachial plexus root avulsion (BPRA). A total 
of 40  female Sprague‑Dawley rats underwent BPRA 
(5th cervical‑1st thoracic) and were randomly divided into 
the avulsion plus EA stimulation (AV+EA) and AV groups. 
The AV+EA group received a continuous 20‑Hz asymmetric 
bidirectional disperse‑dense wave at the acupuncture points 
(acupoints) of Dazhui (DU4) and Shousanli (LI10) for 15 min 
on alternate days until the animals were sacrificed, at 1, 2, 
3 and 6 weeks. The AV group received no treatment. The 
cryostat sections of the 7th cervical segments were prepared 
and stained with neuronal nitric oxide synthase nicotinamide 
adenine dinucleotide phosphate diaphorase (NADPH‑d) and 
histochemically stained and counterstained with neutral red 
(NR). The number of nNOS‑positive motoneurons on the 
lesion side and survived motoneurons on both sides of the 
7th cervical segments were blindly counted and compared 
between the two groups. The results demonstrated that the 
number of nNOS‑positive motoneurons was significantly 
lower in the AV+EA group compared with that in the AV group 
and the percentage of survived motoneurons was significantly 
higher compared with that of the AV group at 2 and 3 weeks. 
However, the number of nNOS‑positive motoneurons and the 
percentage of survived motoneurons were not significantly 

different between the two groups at 1 and 6 weeks. These 
results indicated that, during the early period after BPRA, EA 
stimulation at the acupoints of Dazhui (DU4) and Shousanli 
(LI10) may significantly reduce the number of nNOS‑positive 
motoneurons and protect against motoneuron death.

Introduction

Brachial plexus root avulsion (BPRA) is a severe peripheral 
nerve injury (PNI) which leads to an almost complete loss of 
sensory and motor function in the upper limb, accompanied 
by a characteristic constant crushing and intermittent shooting 
pain that is often intractable. BPRA generally occurs as a result 
of traffic accidents or as part of the birth injury syndrome (1).

Previous studies demonstrated that BPRA induced de novo 
expression of neuronal nitric oxide synthase (nNOS) in moto-
neurons, which has been considered to be closely associated 
with motoneuron degeneration (2‑6). In previous studies by 
our research group, we also observed that the time course and 
density of avulsion (AV)‑induced nNOS expression were corre-
lated with the severity of motoneuron death (7). Additionally, 
the downregulation of existing nNOS expression through the 
implantation of a peripheral nerve graft or the application of 
exogenous glial cell line‑derived neurotrophic factor (GDNF) 
or brain‑derived neurotrophic factor (BDNF) blocks may 
protect the injured motoneurons from death. These findings 
indicated that injury‑induced nNOS exerted a neurotoxic effect 
in motoneuron survival following root AV. Therefore, a selec-
tive blockade of nNOS production may be a useful approach 
for reducing motoneuron death. Pharmacological inhibitors of 
NOS have been reported previously in PNI models (8).

Previous studies have mainly focused on increasing the 
number of survived motoneurons by downregulating the 
expression of nNOS and, despite a significant progress, there 
were certain limitations. Chai et al  (9) reported that, with 
the implantation of a peripheral nerve graft, the survival rate 
of motoneurons was increased from 65 to 90% and from 
39 to 80% at 3 and 6 weeks following BPRA, respectively; 
furthermore, the expression of nNOS was significantly inhib-
ited. However, that procedure required high precision and 
high‑level operators; additionally, it increased the possibility 
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of infection. Su et al (10) demonstrated that the application 
of lithium chloride for >4  weeks following replantation 
protected motoneurons by decreasing the number of microglia 
and macrophages. However, the administration of lithium 
chloride is accompanied by side effects such as dizziness, 
nausea, vomiting, diarrhea, convulsions and comas. During 
the experiment, we observed that the application of lithium 
chloride led to distortion of the animals' bodies, with muscle 
rigidity accompanied by significant pain. Therefore, the appli-
cation of lithium chloride has limitations. Furthermore, the 
application of antioxidants and neurotropic factors to protect 
injured motoneurons was also accompanied by side effects and 
limitations; therefore, they may not be widely utilized. Conse-
quently, traditional Chinese medicine (TCM) was considered 
to be a viable option, due to its minimal side effects, simplicity 
and safety.

TCM is a significant part of Chinese culture; acupuncture 
and electroacupuncture (EA), which combines acupuncture 
with modern medicine, were shown to exert positive effects 
on the treatment of PNI (11,12). According to TCM, acupunc-
ture meridians run Qi and blood through unique channels, 
which have their corresponding organs and organizations (13). 
Furthermore, EA therapy was shown to exert a positive effect 
on neural and functional recovery following spinal cord 
injury (14). In a rat sciatic nerve crush model, EA exerted a 
positive effect on motoneuron recovery and was efficient in 
treating pain symptoms that had developed during targeted 
re‑innervation (11). Furthermore, in a rat thigh crush model, 
EA with direct current (DCEA) contributed to the regeneration 
of the peripheral nerves (15,16). EA may have several thera-
peutic roles through different underlying mechanisms. EA 
may regulate the homeostasis of the cardiovascular system; 
correct pH imbalances caused by chronic hypoxia by adjusting 
the levels of endothelin‑1 (ET‑1) and endothelial nitric oxide 
synthase (eNOS) (17); and relieve mechanical allodynia in 
neuropathic rats through inhibiting nNOS expression in the 
spinal cord  (18). High‑frequency EA may also effectively 
correct the behavioral disorders of rats with Parkinson's 
disease (PD) by reducing the amino acid (GABA) levels in the 
ventral midbrain (19). In a chronic‑constriction injury of the 
rat sciatic nerve model, EA was shown to alter pain behavior 
through its antinociceptive effects (20). The studies mentioned 
previously demonstrated that EA exerted curative effects on 
disorders of the nervous system.

BPRA is a type of PNI that fits the ‘flaccidity pattern’ 
according to TCM; this pattern is associated with several 
symptoms, such as limb tendon reflex retardation, weakness and 
lack of free movements, which may lead to muscle flaccidity. 
According to the principles of TCM, the large intestine meridian 
(LI), stomach meridian (ST) and Du meridian (DU), are selected 
for acupuncture in the treatment of such disorders, due to the 
functions of the Yangming meridian, which may cure nerve and 
muscle dysfunctions due to its abundance of Qi and blood. As a 
consequence, the upper and lower extremity meridian acupoints 
were selected, as they could dredge meridians and activate 
collaterals, tonify Qi and replenish blood, which was described 
by the phrase ‘Yangming is chosen to cure flaccidity pattern 
only’ in TCM; the DU acupoints were selected as they may 
relax sinews and activate collaterals by adjusting the Yin and 
Yang of organs, activating blood and moving Qi (21,22).

However, there are currently no studies available on 
whether EA exerts an effect on BPRA.

Therefore, the acupoints of Dazhui (DU4) and Shousanli 
(LI10) were selected to treat rats with BPRA in this study. The 
number of nNOS‑positive motoneurons and the percentage of 
survived motoneurons were used to evaluate the effects of EA 
on BPRA. With this study, we aimed to provide experimental 
data on applying EA as a clinical method in the treatment of 
BPRA.

Materials and methods

Animals. A total of 40 female Sprague‑Dawley rats, weighing 
180‑220 g, were provided by the Laboratory Animal Center 
of Sun Yat‑sen University (Guangzhou, China) [certification 
no. SCXK (Yue) 2011‑0029]. The animals were housed under 
a 12‑h light̸dark cycle, with free access to food and water.

All experimental procedures were approved by the 
Committee on the Use of Live Animals for Teaching and 
Research of Sun Yat‑sen University.

Establishment of BPRA models. The operation steps were 
based on our previous study (8). Following anesthesia with 
injection of 10% chloral hydrate (3.5 ml̸kg) intraperitoneally, 
the rats were laid under a Shangyiguang SXP‑1C surgical 
microscope (Shanghai Medical Instruments Co., Ltd., 
Shanghai, China). The skin was incised along the lower border 
of the right clavicle and a layered dissection was performed to 
expose the right brachial plexus in the axillary cavity to the 
intervertebral foramina. After the nerve roots contributing to 
the brachial plexus were identified and individually separated 
to the lateral side of the corresponding intervertebral foramina, 
they were tightly clamped by a microscopic hemostat near the 
intervertebral foramina. Finally, the roots were successively 
avulsed with the hemostat. When the entire root and its dorsal 
root ganglion were clearly identified under the microscope, the 
success of the surgery was confirmed. The skin was subse-
quently sutured and the animals were kept in warm chambers 
and allowed to recover from the anaesthesia prior to returning 
to their cages. The rats which had been successfully operated 
on were randomly divided into the AV and AV+EA groups.

Fixing and EA stimulation. The locations of the acupoints of 
DU4 and LI10 were based on anatomical landmarks and finger 
cun (proporational ruler). Their locations are summarized in 
Table Ⅰ and illustrated in Fig. 1 (21,23‑25).

The BPRA model rats received EA treatment, initiated on 
the day following the operation and administered every other 
day, until they were sacrificed, at 1, 2, 3 and 6 weeks. In order 
to mimic the clinical treatment procedures, the experiment 
required that the rats were awake prior to and following the 
EA procedure. To avoid any damage or stress response poten-
tially caused by a rigid fixing method, a flexible fixing method 
was applied. The rats were fixed on a soft‑type rat‑fixing 
instrument, which was developed by Wenzhou Medical 
College (national patent no. ZL 2011.2.2216075.0) (Fig. 1). 
Following a local alcohol swab, a 0.5‑cun Hwato SDZ‑2 
Electronic Acupuncture needle (Suzhou Medical Appliance 
Factory, Suzhou, China) was vertically inserted into Dazhui 
(DU4) and obliquely into Shousanli (LI10), 5 mm below the 
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skin; the acupuncture trocar was used if necessary. Finally, 
the needles were connected with the electrodes of the Hwato 
SDZ‑2 Electronic Acupuncture Treatment Instrument with a 
frequency of 20 Hz and a continuous asymmetric bidirectional 
disperse‑dense wave was applied for 15 min.

Spinal cord tissue processing. The steps of spinal cord tissue 
processing were based on our previous studies (26,7). The rats 
were sacrificed at 1, 2, 3 and 6 weeks. Following anesthesia with 
injection of 10% chloral hydrate (3.5 ml̸kg) intraperitoneally, 
the thoracic cavity was opened, the ascending aorta was 
intubated via the left ventricle and perfused with a solution 
of cold 0.9% saline until blanching of the liver. Subsequently, 
the 0.9% saline was replaced by cold 4% paraformaldehyde in 
phosphate buffer (PB) (pH 7.4) until the liver and muscles were 
stiff. The 7th segment of the cervical spinal cord was removed 
from its midpoints of proximal and distal nerve roots, placed 
in cold 4% paraformaldehyde in PB (pH 7.4) for 4 h and then 
transferred to 30% sucrose solution in a 4˚C refrigerator over-
night, until it sunk to the bottom of the centrifuge tube. The 
7th cervical spinal cord tissues were sliced in the horizontal 
plane in 35‑µm sections by a semiconductor cryostat micro-
tome (Leica Biosystems, Mannheim, Germany). Finally, every 

third tissue section was obtained and placed in 0.01 mol̸l PB 
(pH 8.0).

Histochemistry stain for nNOS and neutral red (NR) coun‑
terstain for motoneurons. The staining steps were based on 
our previous studies (7,25,26). There were 10‑15 sections 
and 100 µl nicotinamide adenine dinucleotide phosphate 
diaphorase (NADPH‑d) stain solution per well of a 96‑well 
plate. The solution was composed of 0.1 mg NADPH‑d, 3 µl 
Triton‑100 and ~0.25 mg nitro blue tetrazolium, with the 
addition of 0.05 mol̸l Tris‑buffer to a final volume of 100 µl. 
The 96‑well plate was transferred to an incubator with a 
temperature of 37˚C for 1 to 2 h, until the blue nNOS‑positive 
motoneurons were visible around the central canal of the 
spinal cord. Subsequently, the sections were pasted on the 
slides and rinsed three  times with 0.1 mol̸l PB (pH 8.0); 
the slides were then counterstained with NR for 4 to 6 h, 
dehydrated by 70, 80, 90 and 95% alcohol and 100% ethanol, 
dealcoholized by immersion in xylene three times (10 min 
per time) and finally covered by coverslips and sealed with 
neutral gum.

Cell counting of motoneurons. The motoneurons in the 
7th cervical spinal cord segment were counted blindly on lesion 
and control sides in all the sections stained with NADPH‑d 
and counterstained with NR, as previously described (7). On 
the contralateral side, the number of motoneurons served 
as normal control (expression of 100%). On the side of the 
lesion, the dark blue‑stained nNOS‑positive motoneurons 
were blindly counted. The number of survived motoneurons 
included NADPH‑d‑positive and ‑negative motoneurons and it 
was expressed as a percentage of the number of motoneurons 
on the contralateral side of the same 7th cervical section. 
The number of nNOS‑positive motoneurons only included 
NADPH‑d‑positive motoneurons and it was expressed as a 
percentage of the number of motoneurons on the contralateral 
side of the same 7th cervical section. The formulas for the 
calculation of the rate of nNOS positivity and the survival of 
motoneurons are summarized in Table Ⅱ. The nNOS‑positive 
motoneurons and the percentage of survived motoneurons 
were compared among these groups.

Statistical analysis. Data were analyzed by Statistical 
Product and Service Solutions (SPSS) software, with an 

Figure 1. Fixing method and electroacupuncture stimulation. The rats were 
fixed by a new soft‑type fixing instrument improved by Wenzhou Medical 
College. With this instrument, the damage caused by the traditional hard‑type 
fixing method may be avoided. Furthermore, the rats were awake and made to 
feel comfortable during the treatment procedure.

Table Ⅰ. Location and needling methods of Dazhui (DU4), Shousanli (LI10) and Quchi (LI11).

Acupoints	 Method of location	 Anatomic locations	 Methods of needling

Dazhui (DU4)	 Anatomic landmark	 Fossa below the spinal process	 5‑mm insertion vertically
		  of the 7th cervical vertebra,
		  midline of the back
Shousanli (LI10)	 Proportional ruler	 Folds formed by the extensor muscles	 5‑mm insertion obliquely
		  and ~10 mm below the Quchi (LI11),
		  or between the radial side of the
		  wrist extensor digitorum
Quchi (LI11)	 Anatomic landmark	 Fossa on the lateral	 Not used in this study
		  anterior side of the joint of
		  the proximal radius
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indepent samples t‑test or a Wilcoxon non‑parametric test if 
necessary. P<0.05 was considered to indicate a statistically 
significant difference.

Results

EA at Dazhui (DU4) and Shousanli (LI10) decreases the 

Figure 2. Effects of electroacupuncture (EA) on the expression of neuronal nitric oxide synthase (nNOS) and motoneuron survival. (A) Avulsion (AV) group, 
2 weeks; (B) AV plus EA group, 2 weeks; (C) AV group, 3 weeks; (D) AV plus EA group, 3 weeks. Bar, 200 µm.

Table Ⅱ. Calculation of neuronal nitric oxide synthase (nNOS)‑positive motoneurons and percentage of survived motoneurons.

Term	 Formula

	 No. of nNOS‑positive motoneurons on lesion sidenNOS‑positive motoneurons (%)	 ---------------------------------------------------------------------------------------------------------------	x100%
	 No. of motoneurons on contralateral side of the same section

	 No. of survived motoneurons on lesion sidePercentage of survived motoneurons (%)	 ---------------------------------------------------------------------------------------------------------------	x100%
	 No. of motoneurons on contralateral side of the same section

Figure 3. Statistical analysis of the effect of electroacupuncture (EA) on motoneurons following brachial plexus root avulsion. Data are expressed as the 
means ± SD (n=5 rats per group). The differences between the two groups were compared using the independent samples t‑test or the Wilcoxon non‑parametric 
test. *P<0.05 vs. avulsion (AV) group at the same time point.

  A   B

  C   D

  A   B
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number of nNOS‑positive motoneurons following BPRA. The 
NADPH‑d histochemistry stain revealed that BPRA caused the 
expression of nNOS in the motoneurons on the side of the lesion 
(Fig. 2). At 1, 2, 3 and 6 weeks, the percentages of nNOS‑posi-
tive motoneurons in the two  groups were 11±7  vs.  8±6%, 
21±8 vs. 39±9%, 22±9 vs. 49±9% and 7±4 vs. 8±4%, respec-
tively. In the EA+AV group, the percentage of nNOS‑positive 
motoneurons was significantly lower compared to that in the 
AV group (P<0.05) at 2 and 3 weeks. However, there were no 
significant differences between the two groups at 1 and 6 weeks 
(Fig. 3).

EA at Dazhui (DU4) and Shousanli (LI10) increases the 
percentage of survived motoneurons following BPRA. The NR 
staining revealed that the BPRA caused loss of motoneurons 
in the ventral horns on the side of the lesion (Fig. 2). At 1, 
2, 3 and 6 weeks, the percentages of survived motoneurons 
in the two groups were 86±7 vs. 83±6%, 82±4 vs. 72±5%, 
68±7 vs. 61±8% and 24±14 vs. 22±12%, respectively. In the 
EA+AV group, the percentage of survived motoneurons was 
significantly higher compared to that in the AV group (P<0.05) 
at 2 and 3 weeks. However, there were no significant differ-
ences between the two groups at 1 and 6 weeks (Fig. 3).

Discussion

This study demonstrated that EA stimulation at the acupoints 
of Dazhui (DU4) and Shousanli (LI10) was able to protect 
motoneurons during the early period after BPRA by reducing 
the expression of nNOS, which indicated that EA exerts a posi-
tive effect on PNI.

Previous studies have demonstrated that motoneuron 
death following BPRA was mainly due to the peroxidation 
mechanism and EA was able to reduce the oxidative stress 
through different ways in different models. In a rat model 
of smoke‑induced chronic obstructive pulmonary disease 
(COPD), EA stimulation at Zusanli (ST36) reduced lung injury 
due to its anti‑inflammatory and antioxidant effects (27,28). 
In a rat model of vascular dementia, EA at related Jing‑Well 
acupoints significantly improved memory impairment by 
decreasing the overproduction of NO and enhancing the 
ability of eliminating free radicals  (29). In a rabbit model 
of hepatic ischemia‑reperfusion injury, EA at Yanglingquan 
(GB34) inbibited the production of iNOS in the liver, reduced 
the content of nitric oxide (NO) and malondialdehyde (MDA) 
and increased the activity of superoxide dismutase (SOD) (30). 
Likewise, in a rat model of streptozocin‑induced Alzheimer's 
disease, a PD rat model, a hypothalamus of spontaneously 
hypertensive rats model, a cerebral ischemia‑reperfusion 
injury rat model and a rabbit model of knee osteoarthritis, EA 
played pivotal roles on reducing oxidative stress by raising 
the content of SOD, lowering MDA or NO and even changing 
the blood distribution and microcirculation of various 
organs (31‑35). Notably, EA affected the levels of SOD and 
MDA in different organs in a hyperlipemia rat model (36). It 
was also demonstrated that the natural antioxidants‑Egb‑761 
and TA9001 may protect motoneurons following BPRA (37). 
Based on the findings mentioned previously, we hypothesized 
that EA protected motoneurons by inhibiting the expression of 
nNOS due to its antioxidant effects.

It is generally accepted that neurotrophic factors may 
prevent motoneuron death following PNI  (38‑41). In the 
hippocampus, following cerebral ischemia‑reperfusion injury 
in a mouse model, EA treatment enhanced endogenous BDNF 
expression, thereby possibly improving the survival environ-
ment for intracerebral neurons (42,43). In a brachial plexus 
axotomy rabbit model, EA treatment increased the content 
of GDNF in the spinal cord root ganglia (44). Those findings 
demonstrated that EA was able to increase the content of 
neurotrophic factors, contributing to motoneuron regeneration.

However, our results demonstrated that EA exerted no 
significant effects on BPRA at 1 and 6 weeks. Due to the short 
treatment time from the completion of the operations for the 
model establishment to the sacrifice of the animals at the time 
point of 1 week, the effects of EA on inhibiting the expres-
sion of nNOS may not be obvious. Furthermore, the peak of 
motoneuron loss did not occur during the first week; thus, the 
number of survived motoneurons between the two groups may 
not be significantly different at this time point. Furthermore, at 
6 weeks, EA was not shown to exert a protective effect against 
motoneuron death, mainly because BPRA is a severe injury 
which may lead to complete loss of motoneurons (1), despite 
several protective efforts. Therefore, EA as adjuvant therapy 
may effectively delay motoneuron death only when primary 
surgical treatment prevents complete motoneuron loss.

In this study, we first investigated the effects of EA on 
the BPRA model and demonstrated its efficiency, which may 
expand the application range of EA in different diseases. As a 
TCM therapy, EA may be a useful adjuvant therapy to surgery 
for BPRA and PNI.

Several related studies are currently in progress. In order 
to investigate whether the protection of motoneurons is 
achieved through the inhibition of nNOS, several experiments 
are required in the future. Firstly, the SOD, MDA and NO 
content must be assessed to verify that the decrease in nNOS 
expression is definitively caused by EA. Furthermore, their 
expression levels may be up‑ and downregulated to elucidate 
the mechanism underlying the action of EA. Finally, behav-
ioral testing may be monitored to determine whether EA is 
able to promote sensory recovery.
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