
Background: Approximately 30% to 80% of patients with brachial plexus avulsion (BPA) 
developed neuropathic pain. It is an intolerable neuropathic pain, which brings heavy burden 
to family and society. In addition to motor and sensory deficits, neuropathic pain can be 
another serious sequela that equally influences the patient. The development of a microsurgical 
technique has promoted the treatment and rehabilitation of brachial plexus injury, but pain relief 
after BPA is still a difficult problem.

Objectives: The present study aimed to semi-quantify changes in the behavior, spinal cord and 
cerebral metabolism in a neuropathic pain model following BPA injury in rats. 

Study Design: Controlled animal study.

Setting: Institute of Rehabilitation Medicine, Shanghai, China.

Methods: A total of 15 Sprague-Dawley rats, weighing 200 to 220 g, were randomly divided 
into 2 groups: experimental group (n = 10) and control group (n = 5). In the experimental group, 
neuropathic pain induced by BPA was established by directly avulsing the C5, C6, C7, C8, and 
T1 roots on the right side from the spinal cord. Rats in the control group only received open-
close surgery. The autotomic behavior of biting their own digits was recorded and scored at 2 
months after the surgery. Small animal positron emission tomography/computed tomography 
(PET/CT) images after injection of a 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) tracer were 
acquired to evaluate glucose metabolism in pain-related brain regions before and after the 
surgery, respectively. Semi-quantitative values of cortical to cerebellum standardized uptake 
value (SUV) ratios were calculated. Then, the animals were euthanized and the cervical segments 
of the spinal cord were removed for detection of glial fibrillary acidic protein (GFAP) expression 
in the astrocytes by immunohistochemical assay.
 
Results: Nine of the 10 rats (90%) in the experimental group showed autotomic behavior at 2 
months after the surgery. Slight autotomic behavior was noted only in one of 5 rats (20%) from 
the control group. The autotomic score in the experimental group was significantly higher than 
that in the control group (5.4 ± 1.0 vs. 0.2 ± 0.4, P < 0.05). The experimental group showed 
significantly higher SUV ratio in both the right and left thalamus, compared to the control group 
(P < 0.05). Immunohistochemical assay demonstrated that GFAP positive astrocytes in the dorsal 
horn at the injured side significantly increased compared to the control group (P < 0.05).

Limitations: There are differences between small animals and human beings, and the structure 
and function of the human brain is more complex than in rodents. Therefore, extrapolation of 
the present conclusion should be cautious.

Conclusions: The present study reported a unique model of neuropathic pain following total 
BPA in rodents, which was demonstrated by a higher rate and score of autotomic behavior. 
More astrocytes were found activated in the spinal cord at the corresponding level of C5 and 
C6 spinal cord. In the small animal PET/CT imaging, significantly higher standardized glucose 
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metabolic activity was found in both the right and left thalamus in the experimental group. The present study semi-quantified the 
neuropathic pain behavior in rats and explored the plastic changes in the spinal and brain metabolism.
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fluoro-2-deoxy-D-glucose (18F-FDG) (15). Higher ac-
cumulation of 18F glucose indicates higher metabolic 
activity in the brain (16). Therefore, the level of glucose 
used is significantly associated with the degree of neu-
ronal activity (17).

Small animal 18F-FDG PET/CT imaging has already 
been used to investigate whole-body metabolic activity 
and acquire images reflecting quantitative metabolic 
information in regions of interest (ROI) in different dis-
eases (18). In the present study, the PET/CT was applied 
to evaluate BPA-induced neuropathic pain in adult rats. 
In addition, pathological changes in the corresponding 
spinal segments were also obtained. 

In conclusion, the present study aimed at quantify-
ing the behavior changes in neuropathic pain following 
BPA and exploring alterations both in the spinal cord 
and brain metabolism.

Methods

Animal Model
A total of 15 female Sprague-Dawley rats weigh-

ing from 200 to 220 g and aged from 8 to 10 weeks 
were used in this study. The rats were randomly divided 
into 2 groups: the experimental group (n = 10) received 
total BPA on the right side, and the control group (n = 
5) only received open-close surgery (sham surgery) on 
the same side. The rats were obtained from Shanghai 
Slack Laboratory Animal Limited Liability Company 
(Shanghai, China) and raised under the following envi-
ronmental conditions: 12 hour/12 hour light/dark cycle, 
20°C to 22°C, plenty of food, and enough water. They 
were kept at least one week before any surgery or ex-
amination was conducted. 

All protocols and procedures of animal use were 
carried out according with the Guide for the Care 
and Use of Laboratory Animals described by the U.S. 
National Institutes of Health. The authors declared 
that all the experiments were approved by the Animal 
Ethical Committee of Shanghai University of Traditional 
Chinese Medicine before the study began and followed 
the approved guidelines. The researchers made every 

Brachial plexus avulsion (BPA), which leads to 
complete or partial paralysis of the ipsilateral 
upper limbs, is one of the most serious types 

of peripheral nerve injury (1). Brachial plexus injuries 
in adults results in devastating consequences on the 
upper extremity function and life quality (2). When 
treating BPA, it is hard to re-establish reinnervation 
of all the muscles in the paralyzed upper limb. Even 
with successful surgical reconnection of the injured 
brachial plexus, the death of the motoneuron body 
often results in unsatisfactory outcomes. Structures at 
multiple levels are involved following BPA, from the 
axons, neurons, and spinal cord, to the subcortical and 
cortical structures (3). 

In addition to motor and sensory deficits, neu-
ropathic pain can be another serious sequela that 
influences the patient (4-6). The incidence rates of 
neuropathic pain following BPA varies among different 
studies (7-9). Approximately 30% to 80% of patients 
with BPA developed neuropathic pain (10). The main 
characteristics of neuropathic pain following BPA are 
the rapid onset of pain (an effect that occurs immedi-
ately after injury) and the long-lasting development 
of neuropathy, which may be evidenced even distant 
from the site of the lesion (11). Neuropathic pain would 
also lead to mechanical allodynia and cold allodynia. 
It is now acknowledged that alterations in both the 
peripheral and central nervous systems are involved in 
the genesis of neuropathic pain (3,12). Several studies 
reported that glial cells were significantly activated 
in the spinal cord at the injury level of BPA (13). The 
activation of microglia and astrocytes were associated 
with initiation and persistence of pain status, which 
lasted 3 months following BPA (14). Therefore, this 
phenomenon was potentially related to the existence 
of neuropathic pain.

In vivo positron emission tomography/computed 
tomography (PET/CT) imaging can be helpful in explor-
ing the brain activity in neuropathic pain following 
BPA. A frequently used tracer to quantify the amount 
of glucose consumption in the brain because of its 
relatively long half-life period (110 minutes) is 2-[18F]-
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effort to minimize the suffering of the animals and the 
number of animals used.

The rats in the experimental group were anaes-
thetized with sodium pentobarbital by intraperitoneal 
injection (40 mg/kg), and then placed on a heated clean 
surgical table. Along the dorsal midline from the occiput 
to scapular angulus superior, an approximate 4-cm inci-
sion was made using C7 vertebrae as bone marks. The 
longissimus capitis muscle, semispinal muscle of neck, bi-
venter cervicis, and complex muscle were identified and 
retracted. Brachial plexus roots of the right side were ac-
cessed through the posterior approach under an operat-
ing microscope (magnification ×10). After the muscles on 
the vertebral plate and the spinal process were removed, 
hemilaminectomies from C4 to T1 were performed to ex-
pose the nerve roots from C5 to T1. When the roots had 
been clearly dissociated, they were avulsed quickly from 
the spinal cord by a retractor. Penicillin powder was used 
for preventing incisional infection. All operations were 
performed by the same experimenter.

Autotomic Behavior Assessment
The autotomic behavior of all rats were recorded 

at 2 months after the surgery. The autotomic score was 
assessed according to the scale reported by Wall et al 
(19). Briefly, one point was recorded if 2 or more nails 
were injured. Every one point was added when every 
half of the digits was involved. An accumulated score 
was recorded as the final result. The total score was no 
more than 13 points.

Small Animal PET/CT Imaging
Small animal PET/CT imaging was performed on 

Siemens Inveon PET/CT scanners (Siemens Inc., Chicago, 
USA) with an LSO crystal detector. The reconstructed 
spatial resolution was 2.0 mm at the center of the field 
of view (FOV), and the axial and transaxial FOVs were 
10.0 and 12.7 cm, respectively (20). The 18F-FDG, with an 
activity of 500 Ci/mmol, was prepared in the Center at 
the Department of Nuclear Medicine, Huashan Hospi-
tal, Fudan University. A dose of 0.5 mCi of pyrogen-free 
18F-FDG was injected through the tail vein and the rats 
were returned to their home cage in a room with mini-
mal ambient noise for the uptake period (21). Then, the 
rats were allowed to move around for 40 minutes after 
tracer injection to reduce the influence of the anesthe-
sia on brain glucose metabolism (22). Subsequently, the 
animals were anaesthetized by intraperitoneal injection 
of 40 mg per 1000 g of body weight of sodium pento-
barbital and placed prostate in the small animal PET/

CT scanner with limbs extended. A 10-minute static 
PET acquisition was performed followed by a 7-minute 
anatomic CT scan acquisition. Data were collected and 
reconstructed by a maximum a posteriori probability 
algorithm with a pixel size of 0.776 x 0.776 x 0.796 
mm3. Each PET image was spatially normalized into the 
space of an 18F-FDG template using brain normaliza-
tion in PMOD software (PMOD Beta Version 3.3, PMOD 
Technologies, Zurich, Switzerland) (23). Axial CT images 
were used to assign ROI per slice according to the rat’s 
brain anatomy atlas (24). To quantify the alterations in 
cerebral glucose uptake in a spatiotemporal manner, a 
volume of interest brain atlas was used to determine 
the pre- and postoperative metabolic level. This pro-
cedure was accomplished by using the PMOD software 
package in conjunction with the Schiffer’s rat brain 
template and atlas. Small animal PET/CT imaging was 
performed on Day 0 and Day 7 following BPA, respec-
tively (Fig. 1). 

Analysis of PET/CT
After the data collection, the PMOD software was 

rebuilt, then the thalamus area of the same side and 
the contralateral side was selected, and the standard-
ized uptake value (SUV) was obtained. Compared 
with the SUV of the cerebellum, the relative ROI semi-
quantitative values of the brain region were obtained. 
Changes in the ROIs were also recorded.

Immunohistochemistry
The rats were anesthetized by 1% sodium pentobar-

bital solution injected intraperitoneally at 8 weeks after 
the operation. They were perfused with 0.9% saline 
solution, followed by 500 mL of 4% paraformaldehyde 
in phosphate buffer transcardially. The dorsal horns of 
C5 and C6 spinal cord were resected and fixed in 10% 
neutral buffered formalin solution. They were processed 
to prepare 3-mm thick paraffin sections. Immunohisto-
chemistry was performed using a 3-step indirect process 
based on the labelled peroxidase complex method. Sec-
tions were rehydrated in descending grades of alcohol. 
Following blocking of endogenous peroxidase activity 
with 3% H2O2 in methanol and nonspecific binding sites 
with 5% BSA, the sections were incubated overnight at 
4°C with a 1:100 dilution of rabbit antibody to glial fibril-
lary acidic protein (GFAP) (Abcam, Cambridge, MA) and 
a rabbit antibody to Iba1 (Abcam). Then, biotinylated 
secondary antibody was added at a concentration of 2% 
for 1 hour (37°C) followed by addition of 4′,6-diamidino-
2-phenylindole (DAPI) for 5 minutes. Visualization of 
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the reaction was performed using 3,3-diaminobenzidine 
as the chromogen, which produces a dark brown pre-
cipitate that is readily detected by light microscopy. The 
sections were then counterstained with Mayer’s hema-
toxylin, dehydrated in ascending grades of alcohol, and 
cleared in xylene. Finally, we examined the sections using 
a microscope at 400× magnification. The sections were 
characterized quantitatively by digital image analysis 
using the Imagine-Pro Plus (Media Cybernetics Inc., Rock-
ville, MD).Mean integrated optical density was applied 
to assess the staining intensity from the sections.

Statistical Analysis
Data were entered and analyzed with statistical 

software SPSS version 22.0 (IBM Corporation, Armonk, 
NY). Results were presented as mean ± standard de-
viation. The independent Student t test was used in 
comparison between 2 groups when the data were 
normally distributed, whereas the Wilcoxon rank-sum 
test was used in non-normal distributed data. The 
paired t test was used for within-subject comparisons. 
One-way analysis of variance was used for comparison 
of 2 groups or more. Two-tailed P < 0.05 was considered 
statistically significant.

Results

Autotomic Behavior
At baseline, the average autotomic score and in-

cidence rate of autotomic behavior in all limbs were 0 
in both the experimental and control groups (Table 1). 
At the second month following right BPA in the experi-
mental group (n = 10), autotomic phenomenon could 
be noted in all 4 limbs. The incidence rate of autotomic 
behavior was the highest in the right forelimb (90%), 
whereas the incidence of autotomic phenomenon in 
the other 3 limbs was lower (left forelimb, 40%; left 
hindlimb, 30%; right hindlimb 50%). Although the 
mean score was the highest in the right (injured) fore-
limb, there were no statistical differences between the 
left (intact) and the right (injured) sides. Higher auto-
tomic score and incidence rate were detected in the 
right (injured) forelimb compared to the right forelimb 
in the control group (n = 5) at the second month follow-
ing surgery (P < 0.05) (Fig. 1E, Table 1).

PET/CT Imaging
The SUV of bilateral thalamus and cerebellum 

were calculated. SUV of the cerebellum was selected as 

Fig. 1. Demonstration 
of  autotomic behavior 
following total BPA and 
autotomic score between 
the experimental and 
control groups. (A) 
Autotomic behavior with 
only nails involved. 
(B) Autotomic behavior 
with one digit involved. 
(C,D) Autotomic 
behavior with more than 
one digit involved. (E) 
The histogram shows 
significantly higher 
autotomic score at the 
second postoperative 
month following total 
BPA (experimental 
group, n = 10) than that 
following sham surgery 
(control group, n = 5) 
(P < 0.01).
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a reference and the results in bilateral 
thalamus were presented as SUV ratios 
(Fig. 2). The SUV ratio of bilateral thal-
amus were both significantly higher at 
the second month following BPA (ex-
perimental group) than that following 
sham surgery (control group) (P < 0.01) 
(Fig. 3).

Immunohistochemistry
At the second postoperative 

month, the number of GFAP positive 
cells of the dorsal horn following total 
BPA (experimental group) was signifi-
cantly higher on the right (injured) side 
than that on the left (intact) side (Fig. 
4). The number of GFAP positive cells 
in the right (injured) dorsal horn of the 
spinal cord in the experimental group 
was also significantly higher than that 
in the control group. No significant dif-
ference was found between the GFAP 
positive cells in the left (intact) dorsal 
horn of the spinal cord in the experi-
mental group and that in the control 
group (P > 0.05) (Fig. 4E).

Discussion

Brachial plexus injury is one of the 
most devastating peripheral injuries. 
It includes 2 main types: pregangli-
onic injury and postganglionic injury. 
The postganglionic brachial plexus 
injury model could be established by 
cutting off the brachial plexus nerves 
outside the intervertebral foramen. 

However, that is unsuitable to simulate the postganglionic injury. There 
are remarkable differences in the pathogenesis and pathological state 
between these 2 types of injuries. The preganglionic brachial plexus in-

Table 1. The average autotomic score and incidence rate of  autotomic behavior in the experimental group (right BPA surgery) and 
control group (sham surgery).

Forelimb Hindlimb

Left Right Left Right

Experimental group (n = 10)

Baseline 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Second month following BPA 3.5 ± 4.6 (40%) 5.4 ± 1.0 (90%) 3.8 ± 4.9 (30%) 4.4 ± 4.9 (50%)

Control group (n = 5)

Baseline 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Second month following BPA 0 (0%) 0.2 ± 0.4 (20%) 0 (0%) 0 (0%)

The number preceding the brackets indicates average autotomic scores (mean ± standard deviation). The percentage within the brackets indicates 
the incidence rate of autotomic behavior in the group. 

Fig. 2. Illustration of  the fusion of  PET and CT images of  the rat’s brain. 
The picture shows coronal, axial, and sagittal views of  the rat’s brain. Red 
and yellow circles represent the thalamus. Blue and green circles represent the 
cerebellum.
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jury is usually achieved by tearing the nerves from the 
spinal cord. The success rate of establishing a neuro-
pathic pain model by tearing the brachial plexus nerves 
from outside the intervertebral foramen might not be 
satisfactory.

There have been other studies reporting neuro-
pathic pain induced by BPA (25-34). However, in previ-

ous studies, surgeries were performed via a horizontal 
incision parallel to the clavicle, and the brachial plexus 
nerves were exposed through a supraclavicular or sub-
clavicular approach. The whole brachial plexus, or the 
lower trunk, was grasped with forceps and extracted 
from the spinal cord by traction. In these approaches, 
the clavicle should be retracted to expose the whole 

Fig. 3. Box graphs of  standardized glucose uptake values of  bilateral thalamus. Comparison of  the standardized glucose uptake 
value ratio in the left (A) and right (B) thalamus between the rats after right BPA (experimental group, n = 10) and after 
sham surgery (control group, n = 5) at the second month after the surgery (right thalamus: P < 0.001; left thalamus: P < 
0.001). The glucose uptake values in the cerebellum were used as the reference value.

Fig. 4. Immunohistochemistry of  GFAP in the spinal cord of  cervical enlargement segment. (A,B) The GFAP staining of  the 
dorsal horn on the left side (intact) at the second postoperative month following total BPA on the right side in the experimental 
group. (C,D) The GFAP staining of  the dorsal horn on the right side (injured) at the second postoperative month following total 
BPA on the right side in the experimental group. (E) Comparison of  GFAP positive cells among bilateral sides of  the spinal 
cord in the experimental and control groups. BPA_L: left dorsal horn of  the spinal cord in the BPA group; BPA_R: right dorsal 
horn of  the spinal cord in the BPA group.
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brachial plexus nerves, especially the lower trunk. As 
the lower trunk was close to the subclavian vessels ana-
tomically, it was easy to cause bleeding while exploring 
the plexus, and it was difficult to confirm whether the 
BPA was a preganglionic or postganglionic type. In the 
present study, a posterior approach was used to estab-
lish the BPA model in rats. Laminectomy was performed 
to ensure a clear exposure of all the C5, C6, C7, C8, and 
T1 nerve roots, and the brachial plexus on the right side 
were completely extracted from the spinal cord under 
direct vision. The accuracy and success rate could be 
more stable in this approach. Despite more extensive in-
jury caused by this approach, no rat in the experimental 
group died as a direct result of the surgical procedure. 
No rat presented foraging or abnormal activity except 
for upper limb paralysis and self-disability. Significantly 
higher autotomic score was recorded in the experi-
mental group, which implied a higher incidence rate 
of neuropathic pain. This indicated that the posterior 
approach used in this study was a feasible method to 
establish the neuropathic pain model.

Autotomic behavior is one of the characters of 
neuropathic pain after nerve injury (35). Following the 
injury of sciatic nerve, for example, the rats showed 
scratching and biting of the injured limb when apply-
ing thermal or chemical stimulations on it. In particular, 
when we clamped the limb with forceps, the rat would 
also attack the forceps (36). Therefore, autotomic be-
havior is considered a reflection to neuropathic pain, 
which is quite similar to the clinical performance in 
humans (29). Sensory deafferentation was one of the 
possible reasons, however, researchers did not find the 
evidence of autotomic behavior after blockade of the 
sciatic nerve with lidocaine in rats (37). Therefore, the 
pathological process underlying this autotomic behavior 
is complicated and may involve multiple mechanisms.

In the present study, a total of 90% of rats showed 
autotomic behavior after BPA, compared with 20% in 
the control group. According to the scale reported by 
Wall et al (19), the autotomic score in the experimental 
group was also significantly higher than that in the 
control group. It suggested that the neuropathic pain 
model established by BPA through the posterior ap-
proach was relatively reliable.

The GFAP is a unique kind of intermediate fila-
ment protein particularly expressed in the astrocytes. 
It is widely used as a marker for the astrocyte state of 
activity (30). In the spinal cord, astrocytes are mainly 
involved in maintaining homeostasis of the nervous sys-
tem, including the concentration of ions and glutamate, 

the function of neurons, and the capacity of self-repair. 
In 1991, Garrison et al (38) for the first time proposed 
that activation of spinal glial cells was associated with 
pain sensitization. They found that the factors that 
caused pain sensitization could also activate astrocytes 
in the spinal cord. Drugs that block the sensitization of 
pain can also block the activation of astrocytes in the 
spinal cord (38,39). Since then, various reports have 
found that in the conditions of inflammatory substance 
administration (such as formalin), peripheral nerve 
trauma, bone cancer, lumbar spinal nerve root ligation, 
spinal cord trauma, or activation of the immune system 
in the spinal cord, the resting spinal astrocytes would 
be activated and release a variety of pain mediators 
(3,10,40,41) such as proinflammatory cytokines, inter-
leukin-I β, tumor necrosis factor, interleukin-6, TGF-β, 
inflammatory mediators and neuroactive nitric oxide. 
These mediators can significantly inhibit or alleviate 
neuropathic pain by inhibiting secretion of inflamma-
tory cytokines from glial cells or interfering with glial 
cell metabolism. Therefore, activation of spinal glial 
cells may be the key to chronic pain (42). The present 
study showed that the expression of GFAP in the spinal 
cord increased significantly following BPA, mainly in 
the I and II layers of spinal cord. Specifically, the astro-
cyte body increased in size and number, deepened in 
color, and the processes became thicker and longer. The 
GFAP (+) cells were dispersedly expressed in the control 
group as well as in the intact side of the spinal cord in 
the experimental group, but the body was less appar-
ent, the dendrite was thinner, and the dye was lighter. 
The expression of GFAP on the injured side of the spinal 
cord in the experimental group was significantly dif-
ferent from that of the intact side or from the control 
group. Activation of the astrocytes may be involved in 
the maintenance and regulation of chronic neuropathic 
pain. It is also related with high incidence of autotomic 
behavior and severity of autotomic score in the experi-
mental group.

With the rapid development of neuroimaging 
technology, we are now able to explore the central 
mechanism of neuropathic pain with noninvasive 
methods. Previous studies have suggested several brain 
regions closely related with neuropathic pain, including 
the primary sensory cortex (S1), the secondary sensory 
cortex (S2), the insula, the anterior cingulate cortex 
(ACC), the thalamus, and the prefrontal cortex (PFC) 
(43). These regions constitute network structure called 
pain matrix in the brain. Previous studies found that 
the primary and secondary sensory cortices, the lateral 
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thalamus, and the posterior insula are associated with 
pain and sensory discrimination. The prefrontal gyrus 
and the anterior insula play an important role in the 
onset, development, and feedback of painful emotions, 
whereas prefrontal lobes are more involved in brain 
activity related to pain cognition at a higher level. Ac-
cording to the report by Peyron (44) on patients with 
neuropathic pain, general mechanical stimulation can 
induce severe pain in the skin of the affected side. 
Meanwhile, the somatosensory network in the mirror 
area of the contralateral hemisphere, the insular cor-
tex, the S1 and M1 are also activated (44,45). Studies 
reported that capsaicin-induced hyperalgesia would re-
sult in activation of the bilateral S2, lateral PFC, frontal 
and lower frontal gyrus (43,46). Studies in pain-related 
attention found that ACC and frontal orbital gyrus are 
increased related to pain activity, whereas thalamic and 
insular activities are suppressed (47). 

In the present study, the bilateral thalamus showed 
significantly increased metabolism. It reflected an in-
crease in the activity of neurons in this area and might 
imply increased activity of pain information exchange. 
According to previous studies, the thalamus is related 
to neuropathic pain and could be a potential interven-
tional target.

Generally, the thalamus is the most important 
transfer structure for sensory fibers in animals that 
have more evolved brains. The neurons in the thalamus 
receive projects from peripheral sensory fibers and then 
project to the cerebral cortex. The thalamus is respon-
sible for primary processing of sensation, and it is con-
nected with the hypothalamus and striatum, and these 
connected structures are the subcortical center of many 
complicated unconditioned reflexes (48). Researchers 
suggested that pain would be aggravated by activat-
ing the thalamus. Electrophysiological studies proved 
that the thalamus is sensitive to nociceptive afferent 
impulses (49). It is reported that damaged function or 
structure of the thalamus may be one of the reasons for 
neuropathic pain (50).

Chronic neuropathic pain is not simply a prolonged 
acute pain that protects us from potential and more 
severe injuries. Chronic pain, however, is maladaptive. 

It is characterized by many positive symptoms, such as 
spontaneous pain, allodynia, and hyperalgesia. Compli-
cated brain activities might be involved in the constant 
perception of pain in individuals with neuropathic pain 
(32,33,48). Hyperexcitability of the thalamus is a pos-
sible reason for these enhanced activities. Meanwhile, 
there are bilateral projections to the thalamus from 
spinothalamic neurons in rats, which could explain an 
upregulation of metabolism in the bilateral thalamus 
(51,52). However, the subregions of the thalamus were 
difficult to distinguish in the present study. Further 
research is still needed to demonstrate the role of the 
thalamus in the maintenance of neuropathic pain.

Limitations
There are differences between small animals and 

human beings, and the structure and function of the 
human brain is more complex than in rodents. There-
fore, extrapolation of the present conclusion should be 
cautious.

Conclusions

The present study reported a unique neuropathic 
pain model in rats induced by complete avulsion of the 
brachial plexus nerves. Autotomic behavior related to 
neuropathic pain was semi-quantified and a significant-
ly higher score was noted in the BPA group than that 
in the sham surgery group. More activated astrocytes 
were found in the dorsal horn of the spinal cord ipsi-
lateral to the injured side, indicated by more positive 
GFAP cells. Higher metabolic activity was noted in the 
bilateral thalamus in the 18F-FDG PET/CT imaging. We 
conclude that several levels of structures are involved 
in the mechanisms underlying initiation and persistence 
of neuropathic pain following BPA. Reorganization in 
the spinal cord and brain might both be involved in this 
process.
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