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Background: More and more studies have focused on the treatment of spinal cord injury (SCI) by tissue 
engineering, but there is still no ideal animal model that can genuinely and objectively simulate the real 
pathological process in clinical practice. Also, given the increasing availability and use of genetically modified 
animals in basic science research, it has become essential to develop clinically related models for SCI for use 
in mice. 
Methods: Forty-eight C57BL/6 mice were divided into three groups (injured/sham/uninjured). We 
determined the scar range made by the first crush injury by specimen observation, hematoxylin and eosin (HE) 
staining, and immunofluorescence staining. Transection to completely remove a 2-mm spinal cord segment 
centered on the lesion core was completed 6 weeks after the first injury in injured groups, whereas the sham 
group only underwent re-exposure of the spinal cord without transection injury. The characteristics of this 
SCI model were fully ascertained by specimen observation, HE staining, immunofluorescence staining, and 
quantitative real-time polymerase chain reaction (qRT-PCR).
Results: No mice died after the first injury. Histopathological findings suggested a scar range of 2 mm. 
After the second operation, 2 mice of the injured group and 1 mouse of the sham group died. The Basso 
Mouse Scale (BMS) score and motor evoked potential (MEP) results showed that the neurological function 
of mice did not recover. Immunostaining showed that there were no neurons or neurofilament residues in the 
lesion core 4 weeks after the second injury. Astrocytes encapsulated immune cells to form dense glial scars. 
Most immune cells were confined to the core of the lesion and formed fibrous scars with the fibroblasts. At 
the same time, there was considerable angiogenesis in the lesion core and around the injury. The results of 
qRT-PCR showed that Ptprc was highly expressed in the lesion core, while Gfap, nestin, Cnp, and Sv2b were 
highly expressed in the adjacent region. This suggests that the lesion core is a highly inflammatory zone, but 
there may be spontaneous neurogenesis adjacent to the lesion core.
Conclusions: The mouse crash-complete transection SCI model made by the two operations has good 
simulation, high feasibility, and high reproducibility; it will be a useful tool for pre-clinical testing of SCI 
treatment.
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Introduction

Spinal cord injury (SCI) has always played an essential 
role in the field of traumatic spinal diseases because of its 
high incidence, high disability rate, and low recovery rate 
(1,2). To date, the effective treatment and rehabilitation 
of SCI remains a difficult medical problem worldwide (3). 
According to recent statistics, the incidence of SCI in the 
world is 10.4–83/1 million (4). Serious consequences such 
as paralysis caused by SCI often impose substantial burdens 
on families and society (5). Therefore, the establishment of 
a standard and ideal animal model of SCI is a prerequisite 
for the experimental study of SCI. 

In the past 10 years, significant progress has been made in 
the treatment of SCI by implanting stem cells and functional 
biological materials into injured sites, thus improving the 
micro-environment, activating endogenous neural stem cells, 
and promoting the regeneration of neurons and axons (6-9).  
However, most of these methods are based on acute SCI 
animal models, such as the sharp transection model (10,11), 
compression injury model (12), crush injury model (13), 
complete transection injury model (9), and so on. These 
studies transplanted cells or biomaterials immediately after 
SCI, circumventing the effects of glial scars, and fibrous 
scars on nerve regeneration. However, in clinical work, 
because of the unpredictable prognosis caused by the 
limitation of existing diagnostic techniques (14), at the early 
stage of injury, in which scare materials has yet to form, 
most patients do not agree to the surgical transplantation of 
stem cells, biomaterials, or other treatments unless there 
is no improvement in long-term paralysis. Therefore, 
the removal of scar tissue is essential for the treatment 
of SCI. Establishing an appropriate animal model of scar 
tissue removal can accurately, realistically, and objectively 
simulate the real clinical treatment process in clinical 
practice.

In this study, we established a new model of SCI in mice, 
which completely simulates the clinical treatment course of 
SCI through second operation. We first made a crush injury 
model on the spinal cord of mice. Six weeks after injury, 
when the mice recovered to the chronic stage (15), the scar 
was removed by second surgical operation, and the mouse 
crash-complete transection SCI model was established. In 
this article, we first describe the crush model, which has 
been proven by behavioral scoring and electrophysiology 
to cause significant neurological deficits, and which exhibits 
limited natural recovery. Next, the excision range of injured 
spinal cord tissue was determined by hematoxylin and 
eosin (HE) staining and immunofluorescence staining in 

crush model. After that, the complete procedure of the 
second operation is described, including the subsequent 
behavioral score and electrophysiology, which proved the 
feasibility and repeatability of the second operation. Finally, 
we elucidate the histopathological changes and provide 
a detailed neuroregeneration-related gene assessment 
to illustrate that this model can be used to assess the 
effectiveness of the treatments of SCI, including those of 
stem cells and biomaterials transplantation. The mouse 
complete-crush transection SCI model presented here will 
be a useful tool for pre-clinical treatment evaluation.

Methods

Animal surgery 

All experimental procedures were approved by and 
performed following the standards of the Animal Welfare 
Committees of Tongji University in Shanghai, China. Eight-
week-old female C57bL/6 mice weighing between 18–20 g  
were used. All animal operations were performed under 
general anesthesia with inhalant isoflurane (2%) delivered 
in an oxygen-enriched air using a dissecting microscope 
(Nikon, Tokyo, Japan), and rodent stereotaxic apparatus 
(David Kopf Instruments, Tujunga, CA, USA). The 
first operation proceeded as follows. Laminectomy was 
performed at T9 to expose the spinal cord. No. 5 Dumont 
forceps (Fine Science Tools, North Vancouver, Canada) 
fixed on stereotaxic apparatus were used to crush the spinal 
cord with persistent pressure for 3 s. For the sham group 
in the first operation, only laminectomy was performed on 
the T9 lamina without subsequent crush injury. The second 
operation proceeded as follows. Six weeks after the first 
crush injury, the spinal cord was exposed again along the 
original incision, and followed by transection to completely 
remove a 2-mm spinal cord segment centered on the lesion 
core. For the sham group, the second operation merely 
involved re-exposing the spinal cord of the crush-injured 
mice during the second operation without transection 
injury. Animals were monitored daily for infection, 
abnormal wound healing, or weight loss. The bladder of 
mice was squeezed to aid micturition once a day until the 
mice were executed.

Open field test

The Basso Mouse Scale (BMS) open field test was used to 
evaluate the motor function of the hind limbs in the mice. 
In a double-blinded manner, mice were evaluated once a 
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week before and after injury by the same two observers who 
were not aware of the experimental conditions.

Electrophysiology analysis

Electrophysiological testing was performed for each group 
by using Keypoint II dual-channel evoked potential/
electromyography (Dantech) every week after the first 
injury and the fourth week after the second injury. All 
the animals were anesthetized by intramuscular (IM) 
injections of ketamine (20 mg/kg). Motor evoked potential 
(MEP) commonly relates to the action potential elicited 
by stimulation of the motor cortex. For MEP recording, 2 
stimulating electrodes were included: the positive electrode 
was placed on the skull surface of motor area of cerebral 
cortex [antero-posterior (AP) ±1.0, left/right ±1.5, dorso-
ventral (DV) 0, mm from bregma], 1 mm behind the 
bregma, and 1.5 mm on the left or right side from the 
midline; and the negative electrode was placed on the skull 
0.5 cm lateral to the positive electrode. The recording 
electrode was inserted into the left or right gastrocnemius 
muscle of the hind limbs at a depth of 1.5 mm.

Moreover, the reference electrode was placed 2 cm away 
from the recording electrode, and the grounding line was 
placed in the middle of the stimulating electrode and the 
recording electrode. A 0–10 mA single square wave (1 Hz) 
was applied to stimulate the motor area of the cerebral 
cortex through the skull with a duration of 0.2 ms. Two 
features of MEP were recorded at the gastrocnemius 
muscle of the hindlimb; i.e., peak-to-peak amplitudes were 
calculated as amplitude values and the onset time of the first 
response to the stimulus was measured as latency (16).

Tissue processing

After excessive inhalation of isoflurane, animals were 
transcardially perfused with 4% polyformaldehyde (PFA, 
Sigma, St. Louis, USA) and phosphate buffer saline (PBS, 
pH 7.4, Sigma). The spinal cord was removed and placed 
overnight in 4% PFA at 4 ℃, then transferred to 30% 
sucrose (Sigma) twice and placed overnight at 4 ℃. The 
samples were photographed under a microscope (Nikon), 
then using tissue embedding media (Thermo Scientific, 
Waltham, MA, USA), a 1-cm spinal cord centered on the 
lesion core was encapsulated on dry ice. Tissue sections 
were cut at a thickness of 15 μm using a frozen slicer 
(Leica, Wetzlar, Germany) and mounted on charged glass 
slides. The sections were stained by HE (Sigma) to see the 

histological structure of the lesional tissue.

Immunohistochemistry

Sections were washed 3 times with 1× PBS and then 
incubated with the primary antibodies at 4 ℃ overnight 
after 1 h blocking by 5% normal goat serum (NGS, Sigma) 
and 0.2% Triton X-100 (Sigma). The sections were then 
incubated at room temperature for 2 h with fluorescent-
labeled secondary antibodies (Invitrogen, Waltham, MA, 
USA) and washed with 0.01 M PBS 3 times before being 
observed under a confocal laser scanning microscope 
(Zeiss, LSM800). Fluorescence immunohistochemistry 
was performed using the following primary antibodies: 
rabbit anti-NeuN (Abcam, Cambridge, MA, USA; 1:500), 
chicken anti-microtubule-associated protein 2 (Map2) 
(Abcam, 1:500), rabbit anti-glial fibrillary acidic protein 
(Gfap) (Dako, St. Clara, CA, USA; 1:1,000), rat anti-
Cd45 (eBioscience, Waltham, MA, USA; 1:500), purified 
anti-Neurofilament Marker (pan axonal, cocktail, SMI-
312) (Biolegend, San Diego, CA, USA; 1:1,000), mouse 
anti-fibronectin (Fn1) (Abcam, 1:200), rat anti-CD11b 
(eBioscience, 1:500), guinea pig anti-ionized calcium-
binding adapter molecule 1 (IBA1) (Synaptic Systems, 
Goettingen, Germany; 1:800), rabbit anti-CD34 (Abcam, 
1:250).

Image quantification

For each group of experimental animals (N≥3), slices 
containing the central spinal canal were selected. The target 
areas ware photographed by a 20× objective lens without 
optical zoom by confocal laser scanning microscopy at a 
resolution of 1,024×1,024 pixels. Each region was scanned 
along the z-axis at intervals of 1.5–2.5 μm. A final high-
definition 3D image was achieved via reconstructing these 
consecutive scans using Imaris software (Bitplane). We 
then used Imaris to count cells and signal areas in different 
regions. All figures were composed with Adobe Photoshop, 
Graphpad Prism, and Adobe Illustrator.

Quantitative real-time polymerase chain reaction  
(qRT-PCR )

Under isoflurane-induced anesthesia, the fresh spinal 
cord tissue of the target area was obtained under the 
microscope. Total RNA was isolated by TRIzol (Invitrogen) 
and purified by RNeasy Mini Kit (Invitrogen) according 
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to the manufacturer’s instructions. Total RNA was isolated 
by TRIzol and purified by RNeasy Mini Kit (Invitrogen) 
according to the manufacturer’s instructions. PrimeScript 
RT kit (TAKARA) was used to produce the cDNA. Real-
time PCR was performed using TAKARA SYBR Premix 
Ex TAQ (Tli RNaseH Plus) kit and ABI 7900 sequence 
detector (Applied Biosystems). The efficiency and specificity 
of each primer pair were examined by standard curves of 
the functions of continuously diluted cDNA and unchained 
curves, respectively. After normalization to the transcription 
level of the housekeeping gene GAPDH, the multiple 
changes were calculated based on the 2−ΔΔCt method. The 
sequence of primers used in qRT-PCR is shown in Table 1.

Statistical analysis

Graphpad Prism was used for statistics. The data were 
expressed as mean (± SD). Student’s t-test and unpaired 
Student’s t-test were used to determine the statistical 
difference between the two groups. P<0.05 was considered 
to indicate significant statistical differences.

Results

A stable mouse T9 SCI crush model was established in the 
first operation

We first established the mouse T9 SCI crush model, 

which proved stable and reliable by BMS, open-field 
test, and MEP recording. Eight-week-old C57BL/6 mice 
were subjected to SCI at T9 by crushing with a No. 5 
Dumont forceps for 3 s (Figure 1A). First, we exposed 
the spine and located the T9 according to the shape of 
the spinous process. Then, we carefully removed the T9 
lamina, which would not damage the spinal cord in the 
process. Finally, we used forceps to crush the spinal cord 
for 3 s to induce a linear lesion core (Figure 1B). The sham 
group only underwent laminectomy with no crush injury. 
Gross locomotion was assessed using the BMS open-field 
test before the injury and 1, 2, 3, 4, 5, and 6 weeks after 
injury (Figure 1C). The BMS score shows that the model 
is an incomplete injury model, like most clinical cases. 
The motor function of the mice recovered to 2–3 points 
2 weeks post-surgery, and then the score became stable. 
We later conducted MEP recording to assess the motor 
pathway and functional recovery. The amplitude values 
of MEP were the peak-to-peak amplitudes, and the time 
duration of onset to the stimulus response was measured 
as latency (Figure 1D). The MEP signal was not recorded 
immediately after the injury, so the latency was recorded 
as infinity (∞). As time progressed, the amplitude gradually 
increased, and the latency gradually decreased. Similar to 
the BMS score, the MEP results tended to stabilize after  
2 weeks, indicating that the SCI entered the chronic phase 
2 weeks after injury (Figure 1E).

Table 1 Primer list for qRT-PCR 

Gene Direction Primer Location

Gapdh Forward AGGTCGGTGTGAACGGATTTG 8–23

Reverse TGTAGACCATGTAGTTGAGGTCA 130–108

CNP Forward TTTACCCGCAAAAGCCACACA 13–33

Reverse CACCGTGTCCTCATCTTGAAG 129–109

Sv2b Forward AGGTATCGGGACAACTATGAGG 13–34

Reverse GCCTTCTGTAACATCGCTCTGT 114–93

Ptprc Forward GTTTTCGCTACATGACTGCACA 831–852

Reverse AGGTTGTCCAACTGACATCTTTC 1,025–1,003

Gfap Forward CCCTGGCTCGTGTGGATTT 530–548

Reverse GACCGATACCACTCCTCTGTC 767–747

Nestin Forward CCCTGAAGTCGAGGAGCTG 519–537

Reverse CTGCTGCACCTCTAAGCGA 684–666

Ptprc, protein tyrosine phosphatase, receptor type C; Gfap, glial fibrillary acidic protein.
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Figure 1 Establishing the T9 SCI crush model in the first operation. (A) Schematic illustration of anatomical positioning of the SCI and 
SCI crush model using a No. 5 Dumont forceps. (B) The first surgical procedure: expose the spine and determine T9 based on the shape of 
the spinous process (the left panel). Remove the T9 lamina and expose the spinal cord (the middle panel). Use forceps to crush the spinal 
cord and induce a linear lesion core (the right panel). (C) BMS open-field test showing hindlimb functional motor recovery until 6 weeks 
after SCI; the sham group underwent laminectomy only without crush (mean ± SD, n≥6). (D) Schematic illustration of MEP recording and 
representative MEP traces. (E) MEP amplitude and latency change within 6 weeks of the operation (mean ± SD, n≥3). T9, thoracic 9; ∞, 
infinity; SCI, spinal cord injury; BMS, Basso Mouse Scale; MEP, motor evoked potential.

Removal of the 2-mm spinal cord segment centered on the 
lesion core during the second operation was based on the 
histopathological changes of crush injury

We observed the pathological changes of the spinal cord 

6 weeks after crush injury by specimen observation, HE 

staining, and immunofluorescence staining to determine the 

length of the spinal cord segment removed during the second 

operation. Under the light dissecting microscopic, the lesion 
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core was visible 1 day after the crush injury, and there was 
a large amount of hematoma around the lesion. Six weeks 
after crush injury, the hematoma was completely absorbed, 
and the lesion core had only one pale yellow scar that was 
difficult to discern (Figure 2A). HE staining showed that 
there was congestion near the lesion 1 day after the injury, 
and pathological changes such as cavities and demyelination 
began to appear. At 6 weeks after the injury, the congestion 
disappeared, and a lesion core composed of a large number 
of cells formed, with a cavity forming around it (Figure 2B). 
Immunofluorescence staining was used to quantitatively 
analyze the characteristics of the target area. We centered 
on the lesion core and divided the spinal cord photos into 
different regions every 0.5 mm (Figure 2C). Protein tyrosine 
phosphatase, receptor type C (Ptprc), also known as CD45, 
was used to label residential and infiltrated pan-immune 
cells to assess inflammation levels. Gfap was used first to 
label astrocytes and then to define glial scars by measuring 
astrocyte density. Our study found that astrocytes were 
activated in substantial amounts throughout the spinal cord 
6 weeks after crush injury. Although the glial scar formed 
by astrocytes encapsulated a large number of inflammatory 
cells to form a lesion core which prevented the spread of 
inflammation, there were still a few diffuse infiltrations of 
inflammatory cells in the surrounding area of the lesion core 
(Figure 2D). In the region 10–15 mm away from the lesion 
core, the number of CD45-positive inflammatory cells and 
the astrocyte area were still significantly higher than the 
uninjured spinal cord (Figure 2E). Neurons are the basic 
functional units of the central nervous system, and NeuN 
is a neuronal nuclear antigen that is commonly used as a 
biomarker for neurons. Map2 is a specific marker of neuronal 
cell bodies and dendrites. Our immunofluorescence staining 
showed that 6 weeks after the crash injury, the closer to the 
lesion core, the fewer neurons there were, and no neuron 
survived in the lesion core (Figure 2F). Quantitative analysis 
of NeuN positive cells and Map2 positive areas showed that 
there was no significant difference between the lesion core-
centered 10–15 mm area and the uninjured group (Figure 2G).  
Therefore, we decided to remove the 2 mm spine segment 
centered on the lesion core during the second operation.

The SCI complete transection model was successfully 
established in the second operation

We performed a second surgery on mice 6 weeks after 
the first crush injury. A 2-mm spinal segment centered on 
the lesion core was excised by complete transection in the 

second operation (Figure 3A). The suture knots left by the 
first operation could be seen when the skin was cut again 
along the wound. Non-absorbable sutures were used in 
the first operation to facilitate identifying the location of 
the second operation. The adhesive tissue was carefully 
separated layer by layer, completely exposing the injured 
spinal cord. A 2-mm spinal cord segment centered on 
the lesion core was then removed. The blade was scraped 
repeatedly along the ventral surface of the spinal canal, 
and any residual fibers in the lesion site were removed 
by aspiration. Finally, the muscles, fascia, and skin were 
closed layer by layer (Figure 3B). The second operation 
for the sham group only involved the spinal cord being re-
exposed, with no secondary injury. The BMS open-field 
locomotor test was continuously evaluated 6 weeks after the 
second operation. After the second operation, the hindlimb 
function decreased to 0 again, showing there was almost 
no recovery. In addition, there were significant differences 
between the injury group and the sham operation group 
(Figure 3C). Because the MEP signal could not be detected 
in the injured group, the latency was infinite. There 
was a significant difference in amplitude between the 
injured group and the non-injured group 4 weeks after 
the second operation (Figure 3D). After the second injury, 
the mice could survive for more than 3 months, which 
met the experimental requirements of SCI intervention, 
demonstrating that the model was successful.

Immunostaining revealed pathological features of the 
spinal cord after the second operation

We examined the gross anatomical changes in the lesion 
area 4 weeks after the second operation. Under the light 
dissecting microscopic, new scar-like tissue was seen 
anatomically “gluing” to both ends of the severed spinal 
cord together 4 weeks after the operation (Figure 4A). HE 
staining showed that the lesion core was filled with a large 
number of cells, and there were cavities in the core and 
adjacent tissues (Figure 4B). To understand the cellular 
structure of the lesion core and the tissue changes around 
the lesion, we performed immunofluorescence staining 
on various cell markers. Pan-neuronal markers NeuN and 
Map2 showed no NeuN+/Map+ neurons in the lesion core. 
In the area outside the lesion core, the closer to the lesion 
core, the fewer the NeuN+/Map2+ neuronal entities, and the 
more fragmented the neuronal processes. In areas far from 
the lesion core, the number and shape of neurons were 
no different from those of the normal tissues (Figure 4C). 

https://en.wikipedia.org/wiki/Cell_nucleus
https://en.wikipedia.org/wiki/Antigen
https://en.wikipedia.org/wiki/Biomarker_(cell)
https://en.wikipedia.org/wiki/Neurons
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Figure 2 Histopathological changes determine the length of the spine segment removed during the second operation. (A) Dorsal view of 
representative spinal cords at 1 day and 6 weeks after the first operation. The black arrow shows the lesion core. (B) HE staining of spinal 
cord tissue at 1 day and 6 weeks after the first operation. (C) Schematic of quantitative analysis regions. (D) Immunostaining of the astrocyte 
marker Gfap and pan-leukocyte surface marker CD45 (Ptprc) at 6 weeks after the first operation. (E) Quantitative analysis of CD45-positive 
cells and Gfap signal volume in each region illustrated in C compared with the uninjured group. All regions of the injured group were 
significantly higher than the uninjured group in the number of CD45-positive cells. (mean ± SD; **, P<0.01; ***, P<0.005; ****, P<0.001, 
n=6, unpaired Student’s t-test). (F) Immunofluorescence staining of neuronal makers Map2 and NeuN at 6 weeks after the first operation. 
(G) Quantitative analysis of NeuN positive cells and Map2 signal volume in each region illustrated in C compared with the uninjured group. 
There was no significant difference between the region 10–15 mm from the lesion core and the uninjured group (mean ± SD; *, P<0.05; **, 
P<0.01; ***, P<0.005, n=6, unpaired Student’s t-test). HE, hematoxylin and eosin; Gfap, glial fibrillary acidic protein; Map2, microtubule-
associated protein 2; SD, standard deviation.
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SMI-312 can be widely used to label neuronal projections, 
including axons, and dendrites. Our images showed that 
in areas far from the lesion core, SMI-312 signals were 
densely reticulated in the gray matter and regularly linear 
in the white matter, which was the same as in normal 
tissues. Around the lesion core, the signal of SMI-312 was 
disordered, which may be related to axonal contracture 
and regeneration. However, the SMI-312 signal was not 
captured in the lesion core, showing that axons could not 
pass through scar tissue after injury (Figure 4D). In the 
same tissue section, we also stained Fn1 antibody and found 
that there were a large number of Fn1+ cells in and around 
the lesion core, but there were no Fn1+ cells in the distant 

area, which indicated that fibroblasts were an essential 
part of the lesion core scar tissue (Figure 4D). Four weeks 
after the second operation, astrocytes (Gfap+) encapsulated 
inflammatory cells (CD45+) again, forming dense glial scars. 
Most inflammatory cells were confined to the core of the 
lesion, but there were still a few in the surrounding tissues, 
and the farther away they were, the fewer the number. The 
Gfap+ cells surrounding the lesion core cross-linked to each 
other to form a dense network. In areas far from the lesion, 
these cells, although independent of each other, were still 
different in shape from the astrocytes in the normal spinal 
cord, exhibiting a certain polarity and appearing to migrate 
toward the lesion core (Figure 4E). The detection of 

Figure 3 Establishing the complete SCI complete transection model in the second operation. (A) A schematic illustration of the complete 
SCI transection model by transection at the T9 level, with the removal of a 2-mm spinal cord segment centered on the lesion. (B) The 
second surgical procedure: 6 weeks after the first operation, cut the skin again along the wound (the left panel). Separate tissues layer-by-
layer to expose the injured spinal cord (the middle panel). Completely remove the 2-mm spinal segment from the center of the lesion (the 
right panel). (C) BMS open-field test shows hindlimb motor functional change until 12 weeks after the first operation. After the second 
operation, the hindlimb function decreased again to 0, and there was then no recovery. In the sham group, the spinal cord was re-exposed 
during the second operation without secondary injury (mean ± SD; *, P<0.05, n=6, unpaired Student’s t-test with the comparison between 
the sham and second operation groups at each time point). (D) MEP amplitude analysis of sham and second operation groups 6 weeks after 
the second injury (mean ± SD; ***, P<0.005, n=3, unpaired Student’s t-test). SCI, spinal cord injury; BMS, Basso Mouse Scale; MEP, motor 
evoked potential; SD, standard deviation.
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Figure 4 Immunostaining revealed pathological features of the spinal cord after the second operation. (A) Dorsal view of the representative 
spinal cords 4 weeks after the second operation. The newly generated scar tissue fills the spinal cord lesion region (in red brackets). (B) 
HE staining of spinal cord tissue 6 weeks after the second operation. (C,D,E,F,G) Immunofluorescence staining of the various cell markers  
4 weeks after second operation. Magnified images of lesion area (red box), the peripheral area of the lesion (blue box), and away from the 
lesion area (yellow box) are shown on the right. (C) Neuronal makers Map2 and NeuN; (D) pan axonal marker SMI-312 (neurofilament) and 
fibroblast marker fibronectin (Fn1); (E) astrocyte marker Gfap and pan-leukocyte surface marker CD45 (Ptprc); (F) microglia markers Iba1 
and CD11b; (G) vascular marker CD34. WM, white matter. GM, gray matter; HE, hematoxylin and eosin; Map2, microtubule-associated 
protein 2; Gfap, glial fibrillary acidic protein; Ptprc, protein tyrosine phosphatase, receptor type C.
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microglia/macrophages in the mouse spinal cord samples by 
allograft inflammatory factor 1 (AIF1), also known as IBA1 
and CD11b, found that IBA1 and CD11b also participate in 
scar tissue composition. In the lesion core, IBA1+/CD11b+ 
cells in the spinal cord became larger and rounder than 
those in the normal spinal cord. Microglia/macrophages 
in the mouse spinal cord samples were detected by IBA1 
and CD11b, indicating that they also participated in the 
formation of scar tissue. However, IBA1+/CD11b+ cells in 
the lesion core became larger and rounder than those in the 
normal spinal cord. In areas far from the lesion core, these 
large round microglia/macrophages were still abundant in 
the white matter, but not in the gray matter (Figure 4F). 
We used CD34-antibody to label blood vessels. Images 
showed regeneration in a large number of blood vessels in 
and around the lesion core (Figure 4G). These pathological 
staining results showed that 4 weeks after the second 
operation, the lesion core consisting of inflammatory cells, 
fibroblasts, blood vessels, and necrotic tissues, was formed, 
connecting the two broken ends of the spinal cord. 

The difference in gene expression between lesion core 
and peripheral area indicates that the model has repair 
potential

M region denotes the lesion core, and R and C region 
denote the 2-mm regions of the rostral and caudal 
adjacent to the lesion core, respectively. We mixed the R 
and C region samples and used qRT-PCR to analyze the 
expression of Ptprc, Gfap, Nestin, 2',3'-cyclic-nucleotide 
3'-phosphodiesterase (CNP, CNPase), and synaptic vesicle 
glycoprotein 2B (Sv2b) between the lesion core and adjacent 
area (Figure 5A). The expression levels of Ptprc (CD45) in 
the R/C region were lower than in the M region, but still 
significantly higher than in normal samples (Figure 5B).  
As a neural stem cell marker, Gfap can be co-expressed 
with nestin (a recognized neural stem cell marker) in the 
same cell. Gfap and nestin are highly expressed in R/C 
regions, with their expression being the lowest in the M 
regions (Figure 5C,D). CNPase is a myelin-related gene, 
and Sv2b encodes a kind of the synaptic vesicle protein. 
The expression levels of these two genes in the R/C region 
were higher than in the M region, but still significantly 
lower than in normal samples (Figure 5E,F). These results 
suggest that there may be spontaneous nerve regeneration 
in the area adjacent to the lesion core without intervention. 
The above qRT-PCR data were consistent with the 
immunofluorescence results, which further proves that 

the pathological changes of the model described here are 
correct. 

Discussion

Because of its low cost, ease of care, and suitability for 
functional analysis techniques, rodents have become a 
convenient model for SCI research (17). In this study, we 
used mice to make an SCI model, with the main reason 
being that in addition to having the advantages of rats, mice, 
with the significant development of genetic engineering 
technology and molecular biology, have genetic traits that 
are incomparable to other animals (18,19). The genetic 
characteristics of mice are also a powerful tool for the 
study of SCI repair mechanisms. Therefore, it is especially 
important to develop an SCI model in mice. However, mice 
are light in weight and have a small tissue structure, which 
makes surgery difficult. In this study, to establish a stable 
mouse model, we used microsurgical instruments under 
a high-power microscope to achieve surgical refinement 
and micro-invasiveness. The complete transection model 
of SCI is reproducible and simple to standardize (20). The 
main advantage of the complete transection model is that 
any regenerative effect can be attributed to exogenous 
treatment, which is unmatched by other models. As there 
are no spared axons in the lesion core, this model can boast 
high fidelity for interventions, pharmacology, or cytology, 
which require the promotion of axonal regeneration or 
reconnection using exogenous cell sources (21,22). This 
kind of surgery enables one to follow the behavior of the 
lesion site in a more precise manner because the damage to 
the nerve fibers is not spread out like in other models (23). 
Although SCI models such as weight loss or contusion offer 
the possibility of varying degrees of severity and functional 
outcome, many groups exhibit spontaneous recovery and 
locomotor improvement in moderate injuries (24). These 
consequences can mask the potentially beneficial effects 
of exogenous strategies and therefore hinder this kind of 
treatment. Several studies have used this model to study 
the effects of different scaffolds, biomaterials, and stem 
cell combinations on axonal regeneration after injury; e.g., 
polymer scaffold with rat bone marrow stem cells (9,25). 
However, these studies used a complete transection model 
of acute injury; i.e., implantation of materials at the same 
time as the first operation in experimental animals. No 
studies have reported secondary surgical treatment of SCI 
after scar formation. Compared with other models, the 
complete transfection model of SCI has the disadvantage 
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of a high degree of injury and slightly increased mortality 
in experimental animals (26). In our study, the disorder 
of the wound healing structure and tissue adhesion in the 
first operation caused substantial difficulty for the second 
surgery. Therefore, post-operative care such as that in pain 
relief, assisted urination, and nutrition enhancement, is very 
important.

In clinical cases, SCI is usually the result of sudden 
impact and sustained compression that occurs when the 
vertebrae of the spine are ruptured or dislocated (27). In 
the first surgery, the clamp injury method we chose not 

only maintained the integrity of the dura mater but also 
resembled the clinical crush injury caused by fracture 
displacement, disc herniation, etc. (28) to the spinal cord. 
In the first 24 h after injury, the hyper-acute stage of SCI 
is characterized by a large number of early stress reactions. 
From the third day to the seventh day, studies have found 
that inflammation and cell apoptosis gradually reach the 
peak value, which is the acute stage of SCI. From the first 
day to the week 2, which is the sub-acute stage, various 
pathological reactions gradually subside. Finally, 2 weeks 
after injury is considered to be the chronic stage because of 

Figure 5 The difference in gene expression between the SCI lesion core and peripheral area. (A) Schematic of qRT-PCR areas. M region 
(red area) is the SCI lesion area, and the R/C region (blue areas) is a peripheral area of the lesion including the rostrum and caudal vertebrae. 
(B,C,D,E,F) qRT-PCR validation of expression of five genes in different regions in (A). (B) Inflammatory leukocyte-associated gene Ptprc 
(CD45) (mean ± SD; *, P<0.05, n=6, unpaired Student’s t-test); (C) astrocyte/neural stem cell-related gene Gfap (mean ± SD; ***, P<0.005, 
n=6, unpaired Student’s t-test); (D) neuroectodermal stem cell-related gene nestin (mean ± SD; *, P<0.05, n=6, unpaired Student’s t-test); (E) 
myelin-associated gene CNP (CNPase) (mean ± SD; **, P<0.01, n=6, unpaired Student’s t-test); (F) synaptic-related gene Sv2b (mean ± SD; 
*, P<0.05, n=6, unpaired Student’s t-test). SCI, spinal cord injury; Ptprc, protein tyrosine phosphatase, receptor type C; Gfap, glial fibrillary 
acidic protein; SD, standard deviation.
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the plateauing of animal behavioral and electrophysiological 
recovery, accompanied by stable gene changes at the 
transcriptional level (22,29-32). The above changes are also 
consistent with our experimental results.

When SCI occurs, the local blood-brain barrier (BBB) 
is destroyed, causing leukocytes and macrophages to 
invade the nerve tissue of the injured area and secrete 
various cytokines and chemokines (33). This, along with 
fibrinogen and other substances in the blood infiltrating 
into the local area (34), cause local activation of astrocytes, 
cell hypertrophy, cell elongation and intertwining, and 
formation of new astrocytes and glial scars. Two weeks 
after SCI, mature glial scars have formed, wrapping fibrous 
scars with necrotic tissue and inflammatory cells (35). In 
addition to preventing inflammation from spreading to 
normal peripheral nerve tissues, mature glial scars  repair 
the damaged BBB, stabilizing local micro-environment, 
and protecting peripheral nerve tissues (35,36). At the 
same time, dense fibrous scars and glial scars act as physical 
barriers to prevent axon regeneration (37) and secrete 
chondroitin sulfate proteoglycans (CSPGs) and other 
substances that inhibit axon regeneration, while acting as 
chemical barriers to nerve regeneration (38,39). In our 
study, this phenomenon was also observed. Therefore, 
the removal of fibrous scars while removing the glial scar 
is a prerequisite for the next step of tissue engineering in 
SCI treatment (40). Therefore, we chose to complete the 
second surgical resection of scar tissue 6 weeks after the 
first injury. At this time, the pathological process of SCI 
was in the chronic phase, and the scar tissue has completely  
formed (41). Wanner et al. made a detailed study of cell 
dynamics and cell-to-cell interactions during the formation 
of glial scars (35). Within a few hundred microns from the 
nearest fibrous scar, reactive astrocytes and their processes 
showed an elongated bipolar morphology, and their 
elongated processes intertwined to form a dense network 
structure. However, in spinal cord tissues more than  
1 mm away from fibrous scars, reactive astrocytes showed 
a similarly normal astrocyte morphology. In our study, 
we found that there was no difference in the number and 
morphology of the neurons except astrocytes in the spinal 
cord tissues more than 1 mm away from the injured center. 
As a result, in the second operation, we chose to resect 
a total of 2-mm spinal cord tissues with the clamp as the 
center. In order to accurately and completely remove chronic 
SCI tissue in clinical operation, and to avoid excessive 
resection of the normal spinal cord, it is very important to 
be able to conveniently define the glial scar. However, the 

method of histological staining has significant limitations 
in clinical cases. Recently, scholars have used diffusion 
tensor imaging (DTI) (42,43), electrophysiology (40),  
and other techniques to define scar boundaries.

In our study, the BMS score was used to assess the 
recovery of hind limb motor function in mice. It was found 
that the recovery of the hind limb was about 3 points 
6 weeks after the first operation, which indicated that 
the injury caused by the first operation was incomplete, 
and this was in line with most clinical cases. After the 
second operation, the BMS score returned to 0 again 
(complete paralysis of both hind limbs). Motion evoked 
potentials could not be detected by electrophysiological 
methods, showing that all nerve tissues had been removed 
in the surgical area. The pathological staining results 
also confirmed that all nerve tissues were removed from 
the injured core, and no neurons and axons remained. 
This provides a good condition for the intervention and 
treatment of SCI (6,9,40). After the second operation, 
a large number of astrocytes were activated, and dense 
glial scars were formed around the injured area (44). 
However, the morphology of astrocytes in different areas 
was quite different, suggesting that Gfap+ astrocytes had 
heterogeneity, and there were different functional cell 
subsets (19,45), which need further study. In addition to 
its expression in astrocytes, Gfap has also been reported to 
express Gfap in ependymal cells and neural progenitor cells, 
suggesting that some Gfap-positive cells may be neural stem 
cells (46,47). Microglia are a special kind of immune cell of 
the nervous system which originate from the macrophage 
system. They phagocytize pathogens and damaged cells 
near injured areas, which can make their morphology 
significantly larger (48). The microglia in poliomyelitis that 
are far from the injury center are morphologically changed, 
while the microglia in white matter are the same as those 
in uninjured tissues. The reasons for this phenomenon 
are still not clear. In our study, we found that the lesion 
center was replaced by a large number of inflammatory 
cells, fibroblasts, angiogenesis, and other new tissues, to 
form fibrous scars, which is consistent with the pathological 
results of direct transection in previous studies (35,49,50).

In our previous study, we analyzed the different spinal 
cord regions, including segment of the lesion site (M), 
caudal vertebrae (C), and rostrum (R) 5-mm to the 
lesion segment transcriptional profiles of the rat spinal 
cord complete transection model. Sample clustering 
showed that there was no significant difference between 
injuries adjacent to the rostra and caudal vertebrae, so 
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the samples of R and C regions were mixed in this study. 
Weighted gene co-expression network analysis (WGCNA) 
analysis was performed on all sequenced samples, and we 
established ten co-expressing gene modules/clusters. Gene 
ontology (GO) analysis of these ten modules revealed 
several vital biological processes that occurred postinjury. 
Finally, the gene network analyses revealed potential key 
regulatory factors (hub genes, with the highest module 
membership and connectivity), which could potentially 
serve as targets to alter specific gene programs following 
SCI (32,46). Through the above analysis, we screened 
out Ptprc (CD45), one of the hub genes of the immune 
response/inflammation-related module, while Gfap, nestin, 
Cnp, and Sv2b are the hub genes of the neurogenesis/
neurotransmission related module. Ptprc is a pan-leukocyte 
marker that can be used to assess the level of inflammation. 
Nestin is a well-known neural stem cell marker. In addition 
to expression in astrocytes, Gfap can also be co-expressed 
with nestin in reactive astrocytes (51), neural precursor 
cells, and ependymal cells (46,47,52). Cnp is a myelin-
related gene and Sv2b encodes a kind of the synaptic vesicle 
protein. These genes are all associated with neurogenesis 
and neurological function. Therefore, we performed a qRT-
PCR validation on these hub genes in this SCI model. The 
expression of Ptprc in the lesion site was higher than that in 
the adjacent tissues, which was consistent with the results 
of immunofluorescence staining. It further proved that 
the lesion core is a high inflammatory reaction zone, and 
the microenvironment is not conducive to neurogenesis 
and axonogenesis. Gfap, nestin, Cnp, and Sv2b were more 
expressed in the adjacent regions than in the lesion core. This 
result indicates that although nerve regeneration occurred 
around the lesion site, there was also high inflammation, 
glial scars, and fibrous scars, which prevented the new 
nerve/axon from passing through the lesion core to form a 
functional neural network (30,32). These results are entirely 
consistent with the complete transection model, indicating 
that our secondary surgery model has the same potential for 
neurogenesis/axonogenesis as the acute injury model and is 
suitable for the biomaterial/stem cell transplantation therapy 
of SCI research. These results also suggest that the inhibition 
of immunity to improve the microenvironment of the lesion 
region and promote nerve regeneration may be an effective 
method for the treatment of SCI.

Conclusions

In conclusion, this study demonstrates that the SCI model 

of complete scar excision by second operation in mice has 
good simulation, high feasibility, and high reproducibility, 
and it will be a useful tool for pre-clinical testing in SCI 
treatment.
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