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Abstract  
X-irradiation has a beneficial effect in treating spinal cord injury. We supposed that X-irradiation 

could improve the microenvironment at the site of a spinal cord injury and inhibit glial scar formation. 

Thus, this study was designed to observe the effects of 8 Gy X-irradiation on the injury site at 6 

hours and 2, 4, 7, and 14 days post injury, in terms of improvement in the microenvironment and 

hind limb motor function. Immunohistochemistry showed that the expression of macrophage marker 

ED-1 and the area with glial scar formation were reduced. In addition, the Basso, Beattie and 

Bresnahan score was higher at 7 days post injury relative to the other time points post injury. 

Results indicated that X-irradiation at a dose of 8 Gy can inhibit glial scar formation and alleviate the 

inflammatory reaction, thereby repairing spinal cord injury. X-irradiation at 7 days post spinal cord 

injury may be the best time window. 
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Research Highlights 
(1) The glial scar is the main inhibitor of axon regeneration and functional recovery in the central 

nervous system. X-irradiation has been shown to inhibit the formation of glial scars post injury and 

can promote injury repair. 

(2) This study investigated the effects of X-irradiation at different time points on the formation of the 

glial scar and its influence on the neurological function in rats post injury. Results confirmed that 

X-irradiation at a dose of 8 Gy can inhibit glial scar formation at the injury site and alleviate the 

inflammatory reaction. Day 7 post injury may be the optimal time window for topical X-irradiation. 

 

 
INTRODUCTION 
    

Spinal cord injury has been regarded 

clinically as irreversible damage caused by 

tissue contusion due to trauma and can 

result in axonal degeneration, nerve cell 

death, and microvasculature destruction
[1]

. 

These events subsequently trigger a 

cascade of pathological changes called 

secondary damage, including vascular and 

biochemical changes, hemorrhagic necrosis, 

inflammatory processes and demyelination. 

Morphological changes are manifested 

principally in the death of neurons, glial cells 

and inhibition of axon regeneration in the 

acute stage
[2]

.  

 

In the subacute or chronic stages, 

secondary damage continues to occurThis 

includeproliferation and fibrosis of neuroglial 

cells, formation of glial scars and the 

irreproducible compensatory growth of 

neuroaxons
[3-4]

. The findings from most  
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biomedical studies have indicated that spinal cord injury 

is usually accompanied by the formation of cystic cavities 

surrounded by glial scars, which severely impede the 

regeneration of severed axons. Glial scars are 

composed of extracellular matrices and various types of 

cells, and astrocytes in particular play key roles in glial 

scar formation
[5]

.  

 

However, some studies have reported that astrocytes 

play a favorable role during the period of early injury 

through the release of neurotrophic factors
[5]

. Although 

reactive astrocytes may exert some beneficial effects by 

regulating local immune responses and promoting tissue 

repair, mounting evidence indicates that glial scars 

constitute a major component of the post-injury 

environment that discourages spontaneous axonal 

regeneration
[5]

. Reactive astrocytes hypertrophy over 

time forming a physical barrier; they also secrete a 

variety of inhibitory chondroitin/keratin sulfate 

proteoglycans, forming a more immediate molecular 

barrier that contributes to a long-term dystrophic state in 

the vast majority of non-regenerating fibers. Most studies 

had reported that reducing astrogliosis and the 

proliferation of glial cells possibly promotes axon 

outgrowth and functional recovery after injury
[6-7]

.  

 

X-irradiation was first studied in neonatal rats for 

investigating the influence of X-irradiation on the spinal 

cord in 1963. Gilmore
[8]

 found that X-irradiation had a 

significant impact on the spinal cords of neonatal rats. 

Changes in the nervous system were observed in 70% of 

neonatal rats that had undergone X-irradiation; these 

changes were found to be less pronounced when older 

rats were irradiated
[9]

.  

 

Some studies have indicated that X-irradiation can 

influence both neurons and glial cells, while neurons are 

more insensitive to X-rays as compared with glial cells. 

X-irradiation at an optimal dose does not damage nerve 

cells, but can inhibit the growth of glial cells especially 

oligodendroglia, thereby promoting the regeneration of 

axons
[10-11]

. Kalderon and Fuks
[12]

 found that X-rays 

militated against the death and degeneration of neurons, 

and at least partially improved the recovery of locomotor 

function following spinal cord transection in rats. The 

beneficial effects of X-rays was found to be associated 

with the prevention of gliosis, cavitation, and loss of 

normal spinal cord morphology, which appear after a 

delay of several weeks following transaction. However, 

the mechanism remains unclear and there is no uniform 

view on the optimal radiation dose and time reported in 

published studies.  

The aim of the present study was to evaluate the effects 

of X-irradiation after spinal cord injury, especially with 

regard to the inhibition of glial scar formation and 

improvement of functional recovery; a key objective was 

to find the optimal radiation dose and time window. 

Hence a rat model of spinal cord injury was established. 

Rats were divided into different time window groups. The 

inhibitory effect of X-irradiation on glial cells was 

observed using immunohistochemistry. The Basso, 

Beattie and Bresnahan (BBB) score was used to 

evaluate functional recovery.   

 

 

RESULTS 
 
Quantitative analysis of experimental animals 
Thirty-six Wistar rats were used to establish the model of 

spinal cord injury at vertebra T10 using the vertical weight 

drop method. Rats were randomly and equally assigned 

to six experimental groups: unirradiated control group 

(no X-irradiation) and groups subjected to 8 Gy 

X-irradiation at 6 hours and 2, 4, 7 and 14 days after 

spinal cord injury. All 36 rats were included in the final 

analysis. 

 

X-irradiation reduced glial scar formation post spinal 
cord injury  
To verify whether X-irradiation could reduce the number 

of glial cells and decrease glial scar formation, we 

evaluated the expression of ED-1, mononuclear 

macrophage antigen, after irradiation. 

Immunohistochemical analysis showed that X-irradiation 

at 7 days post spinal cord injury using a dose of 8 Gy 

significantly reduced the number of glial cells (P < 0.001). 

This finding confirmed that X-irradiation at an appropriate 

dose and time window can effectively inhibit glial scar 

formation (Figures 1, 2).  

 

Hematoxylin-eosin staining was used to observe the 

morphology and pathological changes in the glial scar at 

the center of the lesion by means of optical microscopy. 

Results showed that the syringomyelia and glial scar 

were significantly reduced in the group irradiated at 7 

days post injury, while a large amount of glial scar and 

structural disorder was observed in the other groups 

(Figure 3).  

 

Changes in locomotor function in rats with spinal 
cord injury following X-irradiation 
Finally, we tested whether inhibiting the growth of the 

glial scar was correlated with the functional recovery in 

rats.  
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We evaluated the effect of X-irradiation on recovery of 

locomotor function after spinal cord injury according to a 

21-point locomotor BBB scale. All rats showed posterior 

limb paralysis after spinal cord injury, and the mean BBB 

score was 0–1 points at 3 days after surgery. A gradual 

recovery of hind limb locomotion was seen over the 

following 4 weeks in all rats, and there was no statistical 

difference between the groups at 2 weeks; starting from 

the 3
rd

 week, the recovery of hind limb locomotion 

presented a significant difference in the group irradiated 

at 7 days post injury (P < 0.05), and no statistical 

difference was observed between the other groups 

(Figure 4). 

 

 
DISCUSSION 
 

Most experimental investigations documenting the 

effects of irradiation on the central nervous system have 

been carried out in normal animals
[13]

. The present study, 

in which X-rays were delivered to the injured spinal cord, 

demonstrated that X-irradiation can both reduce the 

formation of a glial scar and enhance the recovery of 

locomotor function following contusion injury.  

Figure 1  ED-1 expression in the injured epicenter 
following X-irradiation (immunohistochemical staining, × 
200).  

(A) Unirradiated control group; (B–F) irradiation at 6 hours, 
2, 4, 7, 14 days post spinal cord injury. 

Arrows represent ED-1 positive cells. Positive expression 
of ED-1 was observed in cells in the spinal cord injury site 

in each group.  

Results indicated that the number of ED-1 positive cells 
was significantly lower in the group involving X-irradiation 
at 7 days post injury than in the other groups. 

A B 

C D 

E F 

Figure 2  Influence of X-irradiation on the area (μm2/ 
200-fold field of view) of ED-1 positive granules in the 
injured site. 

Data are expressed as the mean ± SD of six rats for each 
group. Statistical significance was determined using 
one-way analysis of variance followed by least significant 
difference t-test. In the group of rats irradiated at 7 days 

after injury, the number of ED-1 positive granules was 
significantly lower than in the other groups (P < 0.001); 
while no significant difference was observed between 

other groups (P > 0.05). 

I: Unirradiated control group; II–VI: irradiation at 6 hours, 
2, 4, 7, 14 days post spinal cord injury. 
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Figure 3  Influence of X-irradiation on the morphology of 
the injured epicenter (hematoxylin-eosin staining, × 200).  

(A) Unirradiated control group; (B–F) irradiation at 6 hours, 
2, 4, 7, 14 days post spinal cord injury. 

In the group irradiated at 7 days after injury, the structural 
organization of the spinal cord was more orderly than in 

the other groups. Disorganized structure is indicated by 
arrows. 
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Significantly superior treatment effects were observed 

after X-irradiation at the injured site in the time window of 

7 days post contusion injury, as compared with 

irradiation at 6 hours and 2, 4, or 14 days post injury. The 

reason for this difference is not known because the 

mechanism of action of X-irradiation in spinal cord injury 

has not been elucidated. 

 

We concluded that the mechanism was related to the 

differing sensitivities of glial cells and neurons to X-rays. 

The glial cell was most sensitive to X-irradiation at the 7
th
 

day after spinal cord injury, resulting in significantly 

decreased glial cell numbers; glial scar formation was 

also reduced.  

 

X-irradiation has also been used in a study of 

compression injury in another rat model of spinal cord 

injury at doses ranging from 2 to 20 Gy
[13]

. Modest 

improvement and a reduction in syringomyelia and 

gliosis were observed after 4 weeks with a low dose of   

2 Gy, but superior results were not observed after higher 

doses of 5–20 Gy. Although the improved locomotor and 

histological outcomes due to low-dose X-irradiation were 

consistent with the present study, toxic effects of higher 

doses were observed by these authors
[13]

. Hence, in our 

study we utilized a dose of 8 Gy, because this dose is not 

harmful to the central nervous system and is effective for 

functional recovery
[14-15]

.  

 

Microglia, white blood cells and astrocytes participate in 

inflammation after spinal cord injury, and white blood 

cells and macrophages are the main cells related to 

injury in the vascular system; the aggregation of 

microglia and macrophages may be the primary 

mechanism of secondary injury after spinal cord injury
[16]

. 

The intrinsic microglia in the spinal cord can transform 

rapidly into macrophages after spinal cord injury, and 

produce toxic molecules that mediate tissue damage due 

to lipid peroxidation and some other mechanisms
[17]

. 

However, microglia and macrophages also have the 

function of promoting axon regeneration, such as 

clearing fragments of the medullary sheath and neurons, 

producing cell factors to promote regeneration, and 

increasing axonal sprouting.  

 

In the early stage of spinal cord injury, the promoting 

function of active glial cells plays a more essential role 

than their inhibitory effects. We assumed that 

X-irradiation can improve the local microenvironment, 

promote axon regeneration, and inhibit glial scar 

formation after spinal cord injury. To verify the hypothesis, 

we observed cells that were positive for the ED-1 

mononuclear macrophage antigen, to detect whether or 

not X-irradiation could reduce the formation of a glial scar. 

ED-1 can specifically bind to the lysosome membrane of 

activated macrophages, and can be used to detect the 

functional activity of macrophages after spinal cord 

injury.  

 

In the present study, we found that X-irradiation at 7 

days can reduce the number of ED-1 positive cells 

present and promote functional recovery. This 

suggested that X-irradiation may mitigate the 

inflammation process. X-irradiation at 6 hours and 2 

and 4 days elicited no beneficial effects on functional 

recovery. The reason for this may have been the 

inhibition of phagocytosis of cell debris by microglia. 

However, irradiation did not suppress the recovery. 

Thus, the early phase glial cells may not be sensitive to 

X-rays; however, the precise mechanisms involved 

require further investigation.   

 

After spinal cord injury, a series of cells and molecules 

are activated and participate in the formation of the glial 

scar, which mainly consists of astrocytes, and the 

coloboma due to injury is finally filled with astrocytes
[18-19]

. 

Studies have indicated that the formation of a glial scar 

can lead to complicated consequences such as 

Figure 4  Effects of X-irradiation on hind limb locomotion 
function in rats with spinal cord injury. 

Higher Basso, Beattie and Bresnahan (BBB) scores 
represent better functional recovery. Starting from the 3rd 
week (21 days post injury), the recovery of hind limb 
locomotion presented a significant difference in the group 

irradiated at 7 days after spinal cord injury.  

Data are represented as mean ± SD for six rats in each 
group. Statistical significance was determined using 
one-way analysis of variance followed by the least 

significant difference t-test. aP < 0.05, vs. A, B, C, D, F 
groups. 

A: Unirradiated control group; B–F: irradiation at 6 hours, 

2, 4, 7, 14 days post spinal cord injury. 
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necrocytosis and an inflammatory reaction, and the 

space occupied by the glial scar can also act as an 

inhibitory boundary to axon regeneration
[20]

. Our study 

suggested that X-irradiation at 7 days could significantly 

improve motor function, and we assumed that the X-rays 

promoted the apoptosis of glial cells and reduced the 

formation of the glial scar.   

 

After central nervous system injury, the formation of 

astrocytic glial scars functions to minimize secondary 

tissue damage and to restore post-injury tissue 

homeostasis
[21-22]

. However, these beneficial effects 

arise at the expense of reducing the regenerative 

potential of damaged axons. Astrocytic glial scars 

impede the growth of regenerating axons both 

physically and chemically. They promote axon 

regeneration by releasing neurotrophic factors and by 

phagocytizing cell debris at an early stage, while the 

over proliferation of glial cells has the opposite effect on 

axon regeneration
[23]

. 

 

Our study found that day 7 was the dividing point 

between two opposite effects; rats undergoing 

X-irradiation after spinal cord injury at this time can 

achieve a better recovery of neurological function. The 

minimal efficacy of X-irradiation at 14 days may have 

been because glial cells were less sensitive to X-rays at 

this time.  

 

There were several advantages to our study. We 

discussed in depth the optimal treatment time window 

and dose of X-irradiation for spinal cord injury. The 

therapeutic mechanism involved in the use of 

X-irradiation to restore spinal cord function after injury 

was preliminarily explored. However, there were some 

limitations to the study. No dosage effect was discussed; 

more groups involving different X-ray doses should be 

evaluated in a future study. In addition, more multiple 

experimental methods should be applied to obtain 

objective conclusions. 

 

X-irradiation at an appropriate dose was found to be 

essential for functional and structural recovery after 

spinal cord injury, while the mechanism involved remains 

unclear. Some authors have considered that 

neovascularization can help to improve the survival and 

regeneration of neurons, and that X-rays can reduce the 

formation of the neural scar that influences 

neovascularization
[24-25]

. X-rays have also been 

demonstrated to improve cellular reactions in mammals 

after spinal cord injury, and promote continuity of spinal 

structure.  

Some studies have indicated that a potential pathway of 

tissue degeneration is activated in spinal cord injury, and 

that the pathway induces the formation of 

syringomyelia
[26]

. Unfortunately, the mechanism involved 

in this pathway remains poorly understood, although one 

or more neuroglial cells have been found to play a role
[27]

. 

An appropriate dose of X-rays can ablate the cells 

mediating the tissue degeneration pathway, without 

affecting the internal recovery process.  

 

Our study confirmed that irradiation with a dose of 8 Gy 

X-rays at 7 days post injury can inhibit the formation of 

the glial scar, and significantly improve the functional 

recovery of rats. We conclude that activated glial cells 

were most sensitive to X-rays on the 7
th
 day after spinal 

cord injury; however, the specific mechanisms and 

methods involved require further study. 

 

 
MATERIALS AND METHODS 
 
Design 
A randomized controlled preclinical animal study. 

 

Time and setting 
Experimental investigations were carried out in a 

laboratory at Tianjin Medical University General Hospital, 

China from 2009 to 2010. 

 

Materials 
Thirty-six female adult Wistar rats aged 8 weeks and 

weighing 200 ± 30 g, were provided by Beijing HFK 

Bioscience Co., Ltd., China (license No. SCXK (Jing) 

2009-0004).  

 

The procedures involving animals were conducted in 

accordance with the Guidance Suggestions for the Care 

and Use of Laboratory Animals, issued by the Ministry of 

Science and Technology of China
[28]

. 

 

Methods 
Establishment of the rat model of spinal cord injury  

Moderate spinal cord injury was induced using the 

Impact Model II device
[29-31]

. Rats were subjected to 

laminectomy at the T9–11 level under anesthesia with 

intraperitoneal injection of 10% chloral hydrate      

(300 mg/kg). The dorsal surface of the cord at T10 was 

exposed and subjected to a weight drop impact using a 

10 g rod (2.5 mm in diameter) dropped from a height of 

25 mm. Subsequently, rats spasmed several times, and 

this was followed by flaccid paralysis, indicating a 

successful model
[30-31]

.  
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After injury, penicillin was injected and the muscles and 

skin were closed layer by layer. Rats were raised in a 

chamber at 22–25°C, with regular ventilation. The 

bedding in the rearing cages was regularly changed to 

keep it dry. Physiological saline was administered by 

subcutaneous intraperitoneal injection at a volume of   

5 mL, once or twice a day to prevent fluid and electrolyte 

disorders. Manual evacuation of the urinary bladder and 

hind limbs were performed twice per day to prevent 

intestinal obstruction and pressure ulcers. Extrusion 

massaging of the urinary bladder was performed three 

times per day until the rats were able to regain normal 

bladder function.   

 

X-irradiation at the injury site at different time points  

Rats in the unirradiated control group were subjected to 

the surgical procedure without X-irradiation 

(CLINAC600C: Varian, Tianjin Medical University 

General Hospital, Tianjin, China). The remaining rats 

were subjected to spinal cord injury and treated with a 

single X-ray dose of 8 Gy at 6 hours and 2, 4, 7 or 14 

days after spinal cord injury.  

 

Rats were fixed to an irradiation table on a linear 

accelerator after anesthesia using an intraperitoneal 

injection of 10% chloral hydrate (300 mg/kg, Tianjin 

Medical University; Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

Irradiation was focused on the center of the lesion 

encompassing an area 1.5 cm in length and 0.8 cm in 

width. The dose exposure rate was 3.2 Gy/min, and the 

integral radiation dose was 8 Gy. 

 

Functional assessment of rats with spinal cord injury  
The BBB scoring test was used to evaluate the functional 

recovery of hind limbs in rats
[32-33]

. The scale ranged from 

a score of 0 to a maximum score of 21. Score 0 indicates 

no observable hind limb movement, and a gradually 

increasing score indicates the improved function of the 

hind limb; a score of 21 represents normal function in the 

hind limb.  

The BBB score was evaluated at 3, 7, 14, 21, and 28 

days after injury to assess the severity of spinal cord 

injury after X-irradiation. The rats were subsequently 

tested weekly for 4 weeks. All animals were included in 

the analysis without death.  

 

Immunohistochemistry and hematoxylin-eosin 

staining for glial scar formation in the spinal cord 

injury site  

Rats were sacrificed at 4 weeks post injury and the 

injured spinal cords (T10, 3 cm length) were fixed in 4% 

(v/v) paraformaldehyde solution. Sections cut at a 

thickness of 5 um were prepared from paraffin- 

embedded tissues. Dried slices were immersed in 

dimethylbenzene I and II for 30 minutes for 

deparaffinization, and washed with 0.01 mol/L PBS 

solution (pH 7.3) twice, for 5 minutes per session. 

Endogenous peroxidase was quenched with 0.3% (v/v) 

hydrogen peroxide for 5–10 minutes.  

 

Sections were incubated overnight with rabbit anti-rat 

monoclonal antibody ED-1 primary antibody (ectoderm, 

polyclonal; Boster, Wuhan, China; 1:50) at 4°C. Sections 

were washed three times with PBS and incubated with 

goat anti-rabbit biotinylated secondary antibody 

(ectoderm, polyclonal; Boster) for 20 minutes at 37°C. 

Strept avidin-biotin complex (immunoassay kit, Boster) 

was added and incubated with sections at 37°C for 20 

minutes, followed by four PBS washes. 

3,3'-Diaminobenzidine reagent was applied for 5 minutes 

and the sections were then washed with distilled water.  

 

Sections were counterstained with hematoxylin for 2 

minutes and disunited in 70% alcoholic solution mixed 

with 1% hydrochloric acid. The reaction was terminated 

using ammonia wash water. Sections were immersed in 

dimethylbenzene for transparency, and neutral gum was 

applied to seal the slices. 

 

The dewaxing process involved in the hematoxylin-eosin 

staining was similar to the above-mentioned process. 

The sections were incubated in Harris hematoxylin 

solution (Germany) for 5–10 minutes and washed in 

distilled water until they were blue. Hydrochloric acid and 

alcohol were used for color separation. The sections 

were washed and mixed with 1% eosin solution for 5–10 

minutes, then washed by distilled water followed by 

evaporation, clearing and mounting. 

 

Acquisition and analyses of data and images  

Immunohistochemical analysis was carried out with the 

aid of a CH30 microscope (Olympus, Tokyo, Japan), and 

Figure 5  Rats were irradiated on a CLINAC 600C linear 

accelerator after spinal cord injury. 
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Olympus digital camera was used to take photographs, 

which were stored in CMP format. Digital images of 

immunohistochemically stained sections were evaluated 

using a Pathologic Image Analysis System (Beihang 

University, Beijing, China) at Beihang University to 

calculate tissue areas that were positive for ED-1.  

 

Statistical analysis 

Data were expressed as the mean ± SD. All data were 

statistically processed using SPSS 15.0 software (SPSS, 

Chicago, IL, USA). Statistical significance was 

determined using one-way analysis of variance followed 

by the least significant difference t-test. A P value < 0.05 

indicated statistical significance.  

 
Funding: This study was supported by the National Natural 

Science Foundation of China, No. 81070982, 81201400; Tianjin 

Research Program of Application Foundation and Advanced 

Technology, No. 10JCZDJC18800, 13JCQNJC11100; and the 

Research Foundation of Tianjin Health Bureau, No. 09kz104.  

Author contributions: Guangzhi Ning, Renhui Chen, and 

Shiqing Feng conceived and designed the study. Renhui Chen, 

Yulin Li and Qiuli Wu performed the experiments. Qiang Wu and 

Yan Li analyzed the data. Guangzhi Ning and Yulin Li wrote the 

manuscript. All authors approved the final version of the 

submitted manuscript. 

Conflicts of interest: None declared. 

Ethical approval: This study was approved by the Animal 

Ethnics Committee of Tianjin Medical University, China. 

Author statements: The manuscript is original, has not been 

submitted to or is not under consideration by another 

publication, has not been previously published in any language 

or any form, including electronic, and contains no disclosure of 

confidential information or authorship/patent application/funding 

source disputations.   

 

 
REFERENCES 
 

[1] Tuinstra HM, Aviles MO, Shin S, et al. Multifunctional, 

multichannel bridges that deliver neurotrophin encoding 

lentivirus for regeneration following spinal cord injury. 

Biomaterials. 2012;33(5):1618-1626. 

[2] David S, Zarruk JG, Ghasemlou N. Inflammatory 

pathways in spinal cord injury. Int Rev Neurobiol. 

2012;106:127-152. 

[3] Zeilig G, Enosh S, Rubin-Asher D, et al. The nature and 

course of sensory changes following spinal cord injury: 

predictive properties and implications on the mechanism 

of central pain. Brain. 2012;135(Pt 2):418-430. 

[4] Wright KT, El Masri W, Osman A, et al. Concise review: 

bone marrow for the treatment of spinal cord injury: 

mechanisms and clinical applications. Stem Cells. 2011; 

29(2):169-178. 

[5] Karimi-Abdolrezaee S, Billakanti R. Reactive astrogliosis 

after spinal cord injury-beneficial and detrimental effects. 

Mol Neurobiol. 2012;46(2):251-264. 

[6] Yazdani SO, Pedram M, Hafizi M, et al. A comparison 

between neurally induced bone marrow derived 

mesenchymal stem cells and olfactory ensheathing glial 

cells to repair spinal cord injuries in rat. Tissue Cell. 

2012;44(4):205-213. 

[7] Tauchi R, Imagama S, Ohgomori T, et al. The glial 

scar-monocyte interplay: a pivotal resolution phase in 

spinal cord repair. PLoS One. 2011;6(12):e27969. 

[8] Gilmore SA. A study of neurological and morphological 

changes following X-irradiation of spinal cords of neonatal 

rats. J Ark Med Soc. 1963;59:375. 

[9] Gilmore SA. The effects of X-irradiation on the spinal 

cords of neonatal rats. II. Histological observations. J 

Neuropathol Exp Neurol. 1963;22:294-301. 

[10] Miki T, Yokoyama T, Sumitani K, et al. The effect of prenatal 

X-irradiation on the developing cerebral cortex of rats. II: A 

quantitative assessment of glial cells in the somatosensory 

cortex. Int J Dev Neurosci. 2007;25(5):293-297. 

[11] Philippo H, Winter EA, Vander Kogel AJ, et al. Recovery 

capacity of glial progenitors after in vivo fission-neutron or 

X irradiation: age dependence, fractionation and low- 

dose-rate irradiations. Radiat Res. 2005;163(6):636-643. 

[12] Kalderon N, Fuks Z. Severed corticospinal axons recover 

electrophysiologic control of muscle activity after X-ray 

therapy in lesioned adult spinal cord. Proc Natl Acad Sci  

U S A. 1996;93(20):11185-11190. 

[13] Costa LM, Pereira JE, Filipe VM, et al. Rolipram promotes 

functional recovery after contusive thoracic spinal cord 

injury in rats. Behav Brain Res. 2013;243C:66-73. 

[14] Kanno H, Ozawa H, Sekiguchi A, et al. The role of mTOR 

signaling pathway in spinal cord injury. Cell Cycle. 

2012;11(17):3175-3179. 

[15] Loane DJ, Byrnes KR. Role of microglia in neurotrauma. 

Neurotherapeutics. 2010;7(4):366-377. 

[16] Faulkner JR, Herrmann JE, Woo MJ, et al. Reactive 

astrocytes protect tissue and preserve function after 

spinal cord injury. J Neurosci. 2004;24(9):2143-2155. 

[17] Alilain WJ, Horn KP, Hu H, et al. Functional regeneration 

of respiratory pathways after spinal cord injury. Nature. 

2011;475(7355):196-200. 

[18] Guerrero AR, Uchida K, Nakajima H, et al. Blockade of 

interleukin-6 signaling inhibits the classic pathway and 

promotes an alternative pathway of macrophage 

activation after spinal cord injury in mice. J 

Neuroinflammation. 2012;9:40. 

[19] Haas C, Neuhuber B, Yamagami T, et al. Phenotypic 

analysis of astrocytes derived from glial restricted 

precursors and their impact on axon regeneration. Exp 

Neurol. 2012;233(2):717-732. 

[20] Zukor KA, Kent DT, Odelberg SJ. Meningeal cells and glia 

establish a permissive environment for axon regeneration 

after spinal cord injury in newts. Neural Dev. 2011;6(1):1. 



Ning GZ, et al. / Neural Regeneration Research. 2013;8(17):1582-1589. 

 1589 

[21] Wang X, Hasan O, Arzeno A, et al. Axonal regeneration 

induced by blockade of glial inhibitors coupled with 

activation of intrinsic neuronal growth pathways. Exp 

Neurol. 2012;237(1):55-69. 

[22] Ridet JL, Pencalet P, Belcram M, et al. Effects of spinal 

cord X-irradiation on the recovery of paraplegic rats. Exp 

Neurol. 2000;161(1):1-14. 

[23] Knowles JF. The effects of single dose X-irradiation on the 

guinea-pig spinal cord. Int J Radiat Biol Relat Stud Phys 

Chem Med. 1981;40(3):265-275. 

[24] Martin SM, O'Brien GS, Portera-Cailliau C, et al. Wallerian 

degeneration of zebrafish trigeminal axons in the skin is 

required for regeneration and developmental pruning. 

Development. 2010;137(23):3985-3994. 

[25] Kitamura K, Iwanami A, Nakamura M, et al. Hepatocyte 

growth factor promotes endogenous repair and functional 

recovery after spinal cord injury. J Neurosci Res. 2007; 

85(11):2332-2342.   

[26] Nakae A, Nakai K, Yano K, et al. The animal model of 

spinal cord injury as an experimental pain model. J 

Biomed Biotechnol. 2011;2011:939023. 

[27] Dasari VR, Spomar DG, Li L, et al. Umbilical cord blood 

stem cell mediated downregulation of fas improves 

functional recovery of rats after spinal cord injury. 

Neurochem Res. 2008;33(1):134-149. 

[28] The Ministry of Science and Technology of the People’s 

Republic of China. Guidance Suggestions for the Care 

and Use of Laboratory Animals. 2006-09-30. 

[29] Ridet JL, Pencalet P, Belcram M, et al. Effects of spinal 

cord X-irradiation on the recovery of paraplegic rats. Exp 

Neurol. 2000;161(1):1-14. 

[30] Tomita M, Maeda M, Kobayashi K, et al. Dose response of 

soft X-ray-induced bystander cell killing affected by p53 

status. Radiat Res. 2013;179(2):200-207 

[31] Basso DM, Beattie MS, Bresnahan JC. A sensitive and 

reliable locomotor rating scale for open field testing in rats. 

J Neurotrauma. 1995;12(1):1-21. 

[32] Martinez M, Brezun JM, Bonnier L, et al. A new rating 

scale for open-field evaluation of behavioral recovery after 

cervical spinal cord injury in rats. J Neurotrauma. 2009; 

26(7):1043-1053. 

[33] Dilmanian FA, Jenkins AL 3rd, Olschowka JA, et al. X-ray 

microbeam irradiation of the contusion-injured rat spinal 

cord temporarily improves hind-limb function. Radiat Res. 

2013;179(1):76-88. 

 

(Reviewed by Morris GM, Raye Z, Cao XJ, Kong XY)  

(Edited by Wang J, Su LL, Li CH, Song LP) 

 


