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A b s t r a c t

Introduction: The impact of bone marrow-derived mesenchymal stem cells (BM-MSCs) on neovascularisation in rats 
with craniocerebral injury (CI) was investigated. 
Material and methods: The rate CI model was established by the free-fall method, and then rats were randomly 
divided into a transplanted group (EG) and a control group (CG). Rats in the transplanted group were injected with 
BM-MSCs in the lateral ventricle, while those in the control group were injected with normal saline. Modified neuro-
logical severity scores (mNSSs) were compared. Furthermore, CD34+CD133 double-labelled cells (CD34+CD133+ 
cells) in the peripheral blood and expression of CD31 and neuron-specific enolase in injured tissues were detected. 
Results: There were significant intra- and intergroup differences in modified neurological severity scores at different 
time points. The number of CD34+CD133+ cells in the peripheral blood of CG initially decreased, but it increased later 
and peaked 6 h after injury, then gradually decreased and returned to normal 24 h after injury. Cells in the periphe-
ral blood of EG continued to increase until 24 h after injury, reaching a number higher than that in CG (p < 0.05). 
The postoperative expression of neuron-specific enolase in EG was higher than that in CG (p < 0.05). The positive 
expression of CD31 was lower in the two groups before surgery, but the expression in EG was higher than that in CG 
after surgery (p < 0.05). 
Conclusions: Bone marrow-derived mesenchymal stem cells transplantation can increase the number of endothelial 
progenitor cells in the peripheral blood of rats with traumatic brain injury and increase the expression of peripheral 
angiogenetic markers and neuronal markers. The neurological function in EG improved significantly compared to 
that of CG.
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Introduction

The incidence of craniocerebral injury (CI) is high, 
and its pathological changes can be divided into pri-
mary injury and secondary injury [22,23]; the former 
is neuronal damage directly caused by external vio-

lence, while the latter is caused by a variety of fac-
tors, and thus its pathophysiological responses are 
very complex [7,19], making CI one of the main caus-
es of human disability and death. Presently, there are 
a  variety of treatment methods against secondary 
injury, which can reduce mortality and improve prog-
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nosis, but many patients still suffer from neurological 
dysfunction and life-long disability, causing a heavy 
burden to individuals, their families, and societies.

As described above, numerous studies have exam-
ined neurological repair. Recent studies have shown 
that the cerebrovascular system that remains stable 
after traumatic brain injury can be activated to initiate 
vessel remodelling [1,11], and the newly formed vascu-
lature can rapidly promote nerve recovery, including 
nerve regeneration and synaptic regeneration, to pro-
mote the recovery of neurological function [13].

Transplanting neural stem cells (NSCs) or bone 
marrow-derived mesenchymal stem cells (BM-MSCs) 
can promote angiogenesis after ischaemic brain 
injury [5,18,20]. However, whether endogenous or 
transplanted NSCs after trauma are involved in neo-
vascularisation after traumatic brain injury remains 
unclear. In this study, rats with brain injury were 
divided into an experiment group (EG) and a  con-
trol group (CG) to analyse and compare their mod-
ified neurological severity scores (mNSS), changes 
in CD34+CD133+ cells in the peripheral blood, and 
expression of CD31 and neuron-specific enolase 
(NSE) in injured tissues, to analyse the neovascular-
isation conditions in peri-injury brain tissue and the 
impact of BM-MSC transplantation on nerve repair 
and functional recovery.

Material and methods

Animals

A total of 50 adult male healthy SD rats (120-300 g)  
were provided by the Experimental Animal Centre of 
the Department of Medicine, Nanchang University. 

This study was carried out in strict accordance 
with the recommendations in the Guide for the 
Care and Use of Laboratory Animals of the Nation-
al Institutes of Health. The animal use protocol was 
reviewed and approved by the Institutional Animal 
Care and Use Committee (IACUC) of the First Peo-
ple’s Hospital of Jiujiang.

 Preparation of rat craniocerebral injury 
model

After anaesthetisation by intraperitoneally in ject-
ing 10% chloral hydrate (1-2 ml/kg), each rat was 
fixed onto a  brain stereotaxic apparatus, sterilised, 
the scalp was cut open, and one 3-mm round bone 
window (in diameter) with a point 3 mm posterior 
to the anterior fontanelle and 2 mm left of the sag-

ittal line as the centre was drilled. One self-made 
strike tube was disinfected and then tightly fixed 
at the edge of the bone window. One 20-g weight 
was placed 15 cm down the strike tube to strike the 
dura mater, striking the right parietal lobe of the dura 
mater with a striking force of 300 g × cm to induce 
brain laceration. The bone window was sealed with 
bone wax and the rat was masked for oxygen supply 
after suturing the scalp [19]. 

Isolation, amplification, culture,  
and identification of bone marrow-
derived mesenchymal stem cells

The tibia and femur were sampled from each rat 
killed by cervical dislocation (body weight ~120 g) 
and then rinsed with DMEM (Hyclone, Logan, UT, 
USA). The obtained cell suspension was then cen-
trifuged at 1500 r/min for 5 min. The cell precipitate 
was mixed with 10% foetal bovine serum (SJQ Co., 
Hangzhou, China)-containing DMEM and cultured at 
37°C and 5% CO2; the cells were digested and pas-
saged once every three days (1 : 2), and P5-genera-
tion cells were harvested for analysis.

P3 generation BMSCs were extracted by flow 
cell phenotype identification and added to three 
tubes after digestion and suspension. Next, 0.02 ml 
CD90-fluorescein isothiocyanate (FITC) and CD34-PE 
(Wuhan Boster Co., Ltd., Wuhan, China) were added 
to the tubes, and the tubes were incubated in the 
dark for 30 min. Marked single-cell suspensions were 
obtained for flow cytometry after washing the cells 
with PBS.

Transplantation of bone marrow-
derived mesenchymal stem cells  
and grouping

The rats were divided into the EG and CG groups 
by using a  simplified randomisation method, with  
25 rats in each group. Rats in the EG were transplant-
ed with BM-MSCs via intraventricular injection 12 h 
after surgery; before transplantation, BrdU (Med-
chem Express, Monmouth Junction, NJ, USA) (final 
concentration: 10 mM) was added to the medium 
for 2–4 h of co-incubation with the cells. The cells 
were then digested and adjusted to a  density of  
1 × 106 cells/ml, and then each rat in the EG was 
anesthetised and fixed onto the stereotaxic for injec-
tion. Needling point: AP = –1 mm, ML = –1.0-1.5 mm,  
3.5-4.0 mm dorsoventral to the skull plane. The needle 
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was vertically inserted into the left ventricle and 
labelled cells (10 μl, 1 × 104/rat) were slowly inject-
ed into the ventricle by one micro-injector. The nee-
dle was maintained intracerebrally for 3 min before 
suturing the wound. Rats in the CG group were 
injected with saline intraperitoneally.

Determination of motor function

Six rats were sampled from each group on day 1 
(D1), D3, D7, D14, and D21 after surgery, and motor 
function was determined by mNSS (Table I) and 
a double-blind method.

Detection of CD34+CD133+ cells  
in peripheral blood

Twelve rats in each group were randomly select-
ed, and 0.60 ml of venous blood was sampled from 
the venous plexus of the medial canthus on H3 (3 h 

after injury), H6, D1, D3, D7, and D14 after surgery 
using a clean hard glass capillary (1 mm in diameter), 
which was then placed into an EDTA-anticoagulated 
tube to isolate mononuclear cells form the periph-
eral blood by Ficoll density gradient centrifugation.

Ten microliters of goat anti-rat CD133 monoclonal 
antibody (primary antibody, Wuhan Boster Co., Ltd.) 
and 2 μl of FITC-labeled rabbit anti-goat IgG mono-
clonal antibody (secondary antibody, Wuhan Boster 
Co., Ltd.) were mixed and incubated at 4°C in the 
dark to prepare FITC-labelled CD133 (CD133-FITC); 
CD34-TRITC (Wuhan Boster Co., Ltd.) was prepared 
using the same method. The rat mononuclear cells 
were first added to 100 μl of 0.50% foetal bovine 
serum buffer (v/v), mixed evenly, and then 10 μl of 
CD34-TRITC and 10 μl of CD133-FITC were mixed, 
followed by low-speed agitation, full rinsing, 10-min 
incubation at room temperature in the dark, rinsing, 

Table I. Modified rat Neurological Severity Scoring

Index Score

Exercise test

Tail lifting 3

Forelimb flection 1

Hindlimb flection 1

Head deflecting from the vertical line within 30 s > 100 1

Exercises on plane floor (normal = 0 point; maximum = 3 points) 3

Can walk normally 0

Cannot walk in straight line 1

Circling toward the paralytic side 2

Falling toward the paralytic side 3

Sensory test 2

Placement test (vision and touch sensation test) 1

Proprioception (deep sensation, pressing rat paw against the table edge so as to stimulate the limb muscles) 1

Balancing beam test (normal = 0 point; maximum = 6 points) 6

Stabilise the equilibrium status 0

Tightly seize the edge of balancing beam 1

Tightly seize the edge of balancing beam, while one limb falls from the balancing beam 2

Tightly seize the edge of balancing beam, while two limbs fall from the balancing beam or rotate on the balancing 
beam (> 60 s)

3

Try to balance on the balancing beam but falls (> 40 s) 4

Try to balance on the balancing beam but falls (> 20 s) 5

Falls while not trying to balance on the balancing beam (< 20 s) 6

Reflection loss and abnormal motions 4

Auricle reflex (shaking head when being touched the external acoustic meatus) 1

Corneal reflex (blinking when being touched the cornea using cotton silk) 1

Corneal reflex (responses to noises of flipping cardboard) 1

Depressive, myoclonia, myodystonia 1
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and centrifugation to discard the supernatant and 
prepare the mononuclear cell suspension. The num-
ber of CD34+CD133+ cells in the mononuclear cell 
suspension was detected by flow cytometry.

Detection of neuron-specific enolase 
and CD31 in peri-injury brain tissue

Two rats from each group were randomly select-
ed and killed at different time points (before sur-
gery, H6, D1, D3, D7, D14, and D21 after surgery), 
followed by 4% paraformaldehyde perfusion, fix-
ation and dehydration in neutral formaldehyde 
solution, wax embedding, slicing of the site with 
obvious injury, haematoxylin and eosin (HE) stain-
ing, and detection of CD31 (Wuhan Boster Co., Ltd.) 
and NSE (Wuhan Boster Co., Ltd.) by the SP immu-
nohistochemical method. Four sites were selected 
from each slice under a  low-magnification micro-
scope (×100), and each site was photographed five 
times using a high-magnification microscope (×400).  
The images were analysed using the Image Pro 
plus 6.0 colour pathological image analysis system;  
the mean optical density and relative area (%) of 
the positive area of each image were measured, and  
the product of these two was used to determine the 
relative content.

Microvessel identification and density 
peri-injury brain tissue

Immunohistochemical staining was used to 
detect the positive expression of CD31 in peri-inju-
ry brain tissue before and 3, 7, and 14 days after 
surgery. Endothelial cells stained as brownish yel-
low particles were defined as positive. Low-magni-
fication scans of the whole slice were acquired to 
find the “hotspot” with maximum vascular density 
and determine the average number of blood ves-
sels stained from three high magnifications (×400) 
to represent microvessel identification and density 
(MVD). The microvessel was defined from the sepa-
ration of endothelial cells and nearby tissue, but not 
by the vascular lumen or erythrocyte, and excluded 
lumen with a diameter more than 60 μm.

BrdU-positive cells in the experimental 
peri-injury brain tissue group

Fourteen days after brain injury, the expression 
of BrdU was detected by immunohistochemistry 
using the primary antibody anti-mouse monoclonal 

antibody 5-bromodeoxyuridine. Positive expression 
appeared as brown particles in the nucleus. The in- 
 spected area was defined by low magnification 
(×100), which was the edge of injury grey matter and 
white matter, while morphological changes were 
observed at high magnification (×200 and ×400).

Statistical analysis

SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) was used 
for statistical analysis. The measurement data are 
expressed as x– ± s; intergroup comparison was conduct-
ed by the paired t test or independent-sample t test,  
and intragroup comparison was conducted by analysis 
of variance (ANOVA), with the test level α as 0.05.

Results

Amplification, culture, and 
identification of bone marrow-derived 
mesenchymal stem cells

After seeding, the cells gradually showed flask 
wall-adherent growth, the number of third-genera-
tion BM-MSCs was low, and the cells were scattered 
and had clustered spindle or triangular shapes. With 
the rapid proliferation of BMSCs and natural selec-
tion of wall-adherent predominance, P3-generation 
cells were purified to only wall-adherent cells (Fig. 1). 
The phenotype was tested based on P3 cells by flow 
cytometry: the expression of CD90 was positive in 
P3 cells (68.49%) while the expression of CD34 was 
negative (2.85%), as shown in Figure 2.

CD34+CD133+ cells in peripheral blood

Mononuclear cells in the peripheral blood were 
isolated at different time points, and the number of 
CD34+CD133+ cells in mononuclear cells was detect-
ed by flow cytometry. CD34+CD133+ cells in the cir-
culation of peripheral blood were approximately 40- 
52 cells/200,000 mononuclear cells, with the average 
being 47/200,000 mononuclear cells. The number of 
CD34+CD133+ cells in the peripheral blood in group 
CG decreased until 3 h after injury and then increased 
to normal. The average number of CD34+CD133+ 
cells reached the highest level 6 h after injury, with 
an average of 66 cells/200,000 mononuclear cells, 
which gradually decreased and returned to normal  
24 h after injury. The EG group exhibited the same 
trend; however, the number of CD34+CD133+ cells 
continued to increase until 24 h after injury, and  
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the number was significantly higher than that in CG 
group (t test, p < 0.05, Table II; Figs. 3, 4).

Expressions of neuron-specific enolase 
and CD31 in peri-injury brain tissue

The relative contents of NSE and CD31 were 
detected with the Image pro plus 6.0 colour patholog-
ical image analysis system. The results are shown in 
Figures 3 and 6.

Positive expression of CD31 in the two groups 
before surgery was low, but began increasing 
slightly at postoperative 6 h and 1 day; CD31 was 
highly expressed on postoperative day 3, reaching 
a peak on postoperative D7, and began decreasing 
on postoperative D14. There were significant differ-
ences in the expression of CD31 between the EG 
and CG groups on postoperative D1, D3, and D7  
(p < 0.05).

Fig. 1. Amplification and culture of bone marrow-derived mesenchymal stem cells. A) Primary cultured cells 
on day 3, a few cells begin adherent, showed short fusiform shape or polygon, and most of the cells suspended 
and grew colony like (OLYMPUS, ×10). B) P3 cultured cell morphology, most cells were adherent of spindle shape 
and long spindle (OLYMPUS, ×100).

Fig. 2. The expression of CD90 and CD34 of P3-generation cells by flow cytometry. A) The expression of CD90 
was positive (68.49%). B) The expression of CD34 was negative (2.85%).
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The two groups exhibited minor positive expres-
sion of NSE before surgery, but NSE expression first 
decreased at postoperative 6 h and then increased 
at postoperative three days, which peaked on post-
operative D7 and began decreasing on postopera-
tive D14. There were significant differences in the 
expression of NSE between the EG and CG groups 
on postoperative D3 and D7 (p < 0.05, Table III).

In the normal group, CD31 expression was very low 
in the normal group (Fig. 5A), which was increased 
in the experiment group seven days after surgery  
(Fig. 5B) and decreased significantly by 14 days after 
surgery (Fig. 5C); expression was high in the control 
group seven days after surgery (Fig. 5D) and decreased 
by 14 days after surgery (Fig. 5E).

The expression of NSE in the normal group, shown 
in Figure 6A, was decreased at 6 h after injury (Fig. 6B) 
and increased seven days after injury (Fig. 6C). Expres-
sion was even higher 14 days after injury (Fig. 6D) in 
the experimental group, and the neurons and cyto-
plasm were nearly normal with a  clear nucleolus. 

NSE was decreased 6 h after injury (Fig. 6E) and 
increased seven days after injury (Fig. 6F). Expression 
was even higher 14 days after injury (Fig. 6G) in the 
control group. Some neurons showed atrophy with 
reduced cytoplasm and an unclear nucleolus.

Microvessel identification and density 
peri-injury brain tissue

There was less cortical microvasculature in nor-
mal rats, and MVD was increased in other groups 
compared to the normal group, showing significant 
differences (p < 0.05); at three and seven days after 
surgery, MVD of experimental rats was significantly 
higher than in the control group (Table IV). 

BrdU-positive cells in the experiment 
group peri-injury brain tissue

Multiple BrdU-positive cells (transplanted cells) 
are shown in Figure 7. Figures 7A and B shows the cor-
tical regions; BrdU-positive cells were neuron (arrow) 
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Fig. 3. Number of double-labelled CD34+CD133+ 
cells in peripheral blood showed in dotplot  
3 hours after the injury in experimental group. 

Fig. 4. Number of double-labelled CD34+CD133+ 
cells in peripheral blood showed in dotplot  
24 hours after the injury in experimental group, 
indicated the number was 2 times higher than  
3 hours after the injury.

Table II. Number of CD34+CD133+ cells in the peripheral blood of each group at each time point (cell/20 mil-
lion mononuclear cells, n = 12)

Group 0 h 3 h 6 h 24 h 3 d 7 d 14 d

Control group 47 ± 3.03 22 ± 1.38 60 ± 3.00 51 ± 3.12 44 ± 3.22 46 ± 3.82 45 ± 1.29

Experimental group 46 ± 2.43 25 ± 0.90 69 ± 2.75* 71 ± 5.33* 49 ± 2.51 44 ± 2.11 46 ± 1.57

*p < 0.05.
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Fig. 5. CD31 expression of peri-injury brain tis-
sue. A) Normal group, B) 7 days after the injury 
in experiment group, C) 14 days after the injury 
in experiment group, D) 7 days after the injury in 
control group, E) 14 days after the injury in control 
group (OLYMPUS, ×400).

A B

C D

E

Table III. Expression of CD31 and neuron-specific enolase (NSE) in peripheral tissues of brain (n = 20)

Index Group 0 h 6 h 1 d 3 d 7 d 14 d

CD31 Control group 1.29 ± 0.04 9.22 ± 1.02 19.87 ± 5.03 27.89 ± 2.33 31.23 ± 2.38 6.02 ± 2.00

Experimental group 0.87 ± 0.06 12.98 ± 1.11 29.77 ± 6.29* 34.45 ± 3.02* 40.10 ± 3.00* 7.30 ± 1.19

NSE Control group 21.34 ± 3.42 14.92 ± 3.87 28.77 ± 2.21 31.67 ± 3.99 30.03 ± 4.88 22.22 ± 2.01

Experimental group 19.88 ± 2.77 18.18 ± 4.28 32.94 ± 3.02 38.63 ± 2.70* 44.29 ± 5.29* 23.20 ± 3.40

*p < 0.05
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shaped, polygonal, had large cell bodies with a cen-
tral nucleus, round, and the outline was clear with  
an obvious nucleolus. Some unclear nuclear shrink-
age was observed. Figures 7C and D shows white 
matter; the cells had a glial cell morphology (arrow), 
were round, had a small cell body, and the nucleus 
was large and clearly with less cytoplasm observed 
(OLYMPUS, X400, Tokyo, Japan).

Comparison of modified neurological 
severity scores

There were significant differences in mNSS 
between the two groups (ANOVA of repeated-mea-
surement, F = 5.997, p = 0.034), as well as significant 
differences in the intragroup comparison at differ-
ent time points (ANOVA of repeated-measurement,  
F = 37.106, p = 0.000). Group CG showed significant-
ly higher mNSSs than group CG on D7, D14, and D21 
after surgery (t test, p < 0.05). The mNSS scores of 

the two groups first increased and then decreased 
over time, reaching a  maximum on D7; the scores 
on D7 and D14 were significantly higher than on D3  
(t test, p < 0.05, Table V).

Discussion

Craniocerebral injury is a common and frequent-
ly occurring neurological disease; although many 
treatment methods are available, such as surgery 
and drugs, many patients experience life-long dis-
ability. Therefore, researchers have examined the 
impact of stem cells on the recovery of neurological 
impairment. 

Consistent with previous studies [3,15], CD90, 
a non-haematopoietic marker, showed high expres-
sion, confirming the purity of the cultured mesen-
chymal stem cells. Additionally, CD34, a  haemato-
poietic marker, showed low expression. As shown in 
Figure 2, the CD90-positive rate of isolated BMSCs 

Fig. 6. Neuron-specific enolase expression of peri-injury brain tissue. 
A) Normal group, B) 6 hours after the injury in experiment group,  
C) 7 days after the injury in experiment group, D) 14 days after the 
injury in experiment group, E) 6 hours after the injury in control 
group, F) 7 days after the injury in control group, G) 14 days after the 
injury in control group (OLYMPUS, ×400).

A

D

G

B
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was 68.49%, while the CD34-positive rate was only 
2.85%. Additionally, as a positive marker of haemato-
poietic stem cells, CD34 was not primarily expressed 
in BMSCs. These results reflect the high purity of 
third-generation BMSCs. 

Stem cell transplantation can help in the recov-
ery of neurological function after CI. Additionally, 
the brain vascular system can be activated after CI 
and begin vascular remodelling; this new vascula-
ture is involved in the recovery of neurological func-
tion [1,11,13,18,20]. However, whether stem cells play 
a role in repairing injured nerves through neovascu-
larisation remains unclear. This study investigated 
the mobilisation of CD34+CD133+ cells in the post-CI 
rat brain and vascular regeneration in the surround-
ing area by analysing neovascularisation in the sur-
rounding area and the impact of BM-MSCs trans-
plantation on nerve repair and functional recovery.  
The results showed that BM-MSC transplantation 

can increase the number of endothelial progenitor 
cells in the peripheral blood of rats with traumatic 
brain injury and increase the expression of periph-
eral vascular angiogenetic markers and neuronal 
markers. Neurological function in the EG group 
significantly improved compared to that in the CG 
group. 

CD34 is a  surface marker of haematopoietic 
stem cells or mature endothelial cells [6]. Howev-
er, endothelial progenitor cells (EPCs) only account 
for a small fraction of all CD34-positive cells in the 
bone marrow or peripheral blood; CD133 is a surface 
marker of neuroepithelial stem cells [8]. With the 
differentiation and mature of EPCs, the expression 
of CD133 gradually decreased, and mature vascular 
endothelial cells showed no expression of CD133, 
making it a  good molecular marker for identifying 
mature endothelial cells from EPCs. Thus, the number 
of CD34+CD133+ cells reflects the number of endo-

A B

Fig. 7. BrdU-positive cells expressed in the experimental peri-injury brain tissue group. A) and B) show the 
cortical regions, and BrdU-positive cells were neuron (arrow) shaped, polygonal, had large cell bodies with 
a central nucleus, round, and the outline was clear with an obvious nucleolus. Some unclear nuclear shrinkage 
was observed; C) and D) show white matter, and the cells had a glial cell morphology (arrow), were round, 
had a small cell body, and the nucleus was large and clear with less cytoplasm observed (OLYMPUS, ×400).

C D
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thelial progenitor cells [14]. EPCs are precursor cells 
of endothelial cells and are involved in the angio-
genesis and repair of endothelial cells after injury. 
Mobilising and transplanting EPCs can improve the 
angiogenetic ability of ischaemic tissues, thus pro-
moting the repair and re-endothelialisation of dam-
aged blood vessels. According to the results shown 
in Table II, Figures 3 and 4, CD34+CD133+ cells, 
namely EPCs, were present in the peripheral blood 
of rats under normal conditions, and the number of 
EPCs decreased rapidly in the superpermic phase  
(3 h after CI) but increased until higher than the nor-
mal levels by 6 h after CI; the number of EPCs in the 
CG group returned to normal 24 h after surgery, but 
the number of EPCs in the EG group continued to 
increase until 24 h after injury. The numbers of EPCs 
in the EG group 6 and 24 h after injury were signifi-
cantly higher than that in the CG group, suggesting 
that BM-MSC transplantation increases the number 
of EPCs in the peripheral blood of CI rats, with the 
effects persisting for approximately 24 h. 

CD31, a platelet endothelial cell adhesion mole-
cule, is mainly expressed in endothelial cells. As an 
endothelial cell junction molecule, CD31 is a marker 
of angiogenesis in the body [9]. Table III and Figure 5 
show that the expression of CD31 in the two groups 
was low before injury, but expression began increas-
ing at H6 and on D1 after injury, was highest on D7, 
and began decreasing on D7. The expression of CD31 
between the EG and CG groups was significantly dif-
ferent on D1, D3, and D7 after injury (p < 0.05), and 
the expression of CD31 from D1 to D7 was higher 
than in group EG, indicating that the vascular regen-
eration mechanism began 6 h after injury, reach-
ing a peak on D7, and continuing until D14. Thus, 

transplanting BM-MSCs can increase the expression 
of angiogenetic markers around the injured area.  
The expression level of CD31 in peripheral brain tis-
sue was upregulated after cerebral injury, and the 
subsoft subregion of corticose was relatively dense 
(Fig. 5), indicating that new vessels were generated 
from the mantle. This may be related to the wound 
microenvironment. 

Neuron-specific enolase mainly exists in the 
neurons and neuroendocrine cells of the central 
nervous system, exhibiting a high degree of tissue 
specificity. As shown in Table III and Figure 6, the 
two groups exhibited low NSE expression before sur-
gery; however, NSE first decreased 6 h after injury, 
but increased in both groups on D3, reaching a peak 
on D7 and decreasing on D14; the expression of NSE 
between the two groups showed significant differ-
ences on D3 and D7 (p < 0.05). Table III shows that 
the expressions of NSE in the two groups was nor-
mal before surgery, but decreased 6 h after injury, 
suggesting that acute neuronal injury occurred in 
the peripheral area. The expression of NSE in group 
EG increased on D3 after injury, reaching a peak on 
D7 and decreasing on D14, indicating that normal 
rats with acute brain injury strongly express NSE and 
use a self-repair process. The expression of NSE in 
the EG group was significantly higher than in group 
CG on D3 and D7 (p < 0.05), indicating that BM-MSC 
transplantation increases the expression of NSE in 
the peri-injury area of rats with CI.

Figure 7 shows that the BrdU-positive cells were 
neuron (arrow) shaped, polygonal, had a  cell body 
and central nucleus, were round, and had a clear out-
line and obvious nucleolus; in the margin white mat-
ter, most cells showed glial cell morphology (arrow), 

Table V. Comparison of modified neurological severity scores at different time points between two groups 
(x– ± s, n = 6)

Group 1 d 3 d 7 d 14 d 21 d F p

Experimental group 5.33 ± 1.03 6.00 ± 0.89 7.50 ± 1.05* 6.17 ± 0.41* 4.17 ± 0.41 5.997 0.034

Control group 5.00 ± 0.63 6.83 ± 0.75 8.17 ± 0.75*# 7.00 ± 0.89*# 5.33 ± 0.52#

Sum 5.17 ± 0.87 6.42 ± 0.90 7.83 ± 0.94 6.58 ± 0.79 4.75 ± 0.75

Intragroup comparison among D7, D14, and D3; *p < 0.05; intergroup comparison, #p < 0.05

Table IV. Microvessel density peri-injury brain tissue (vessels/400 field, x– ± s)

Group 0 h 3 d 7 d 14 d

Control group 22.34 ± 1.72 53.57 ± 2.33 55.51 ± 3.89 35.53 ± 1.73

Experimental group 23.21 ± 1.18 65.45 ± 3.02* 79.38 ± 2.00* 37.30 ± 1.19

Compare with control group; *p < 0.05
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were round, had a small cell body and clear nuclei, as 
well as less cytoplasm. Combined with the regional 
expression of CD31 in the pia mater in cortical areas, 
transplanted cells underwent directed migration to 
the injury site and integrated the damaged region, 
which was coordinated with vascular regeneration, 
to repair the nerve. However, the mechanism of 
directed migration to the lesion is unknown.

Table V shows that there were significant differ-
ences in mNSS between the two groups (ANOVA of 
repeated measurement, F = 5.997, p = 0.034), and 
mNSS in the CG group on D7, D14, and D 21 was sig-
nificantly higher than in the EG group (t test, p < 0.05), 
indicating that BM-MSC transplantation significantly 
improved the neurological function of CI rats.

EPCs are a class of cells that have been widely exam-
ined in recent years. In 1997, Asahara et al. [2]. isolated 
CD34+ cells from adult peripheral blood mononuclear 
cells for the first time. Because these cells can differ-
entiate into endothelial cells in vitro, express endo-
thelial markers, and participate in angiogenesis, they 
were named EPCs. EPCs, also known as vascular cells, 
are pluripotent stem cells that can circulate, prolifer-
ate, and differentiate into precursor cells of mature 
vascular endothelial cells, but lack the characteristic 
phenotypes of mature endothelial cells.

Under ischaemic and hypoxic conditions after inju-
ry, angiogenesis and vascularisation can occur [12]. 
Angiogenesis refers to the process by which EPCs 
differentiate into endothelial cells and form the 
original vascular network. Vascularisation refers to 
the process of new capillary growth from existing 
blood vessels. Previous studies of adult neovascu-
larisation consider that this process is controlled by 
an angiogenetic mechanism, and current studies of 
EPCs in the peripheral blood have shown that adult 
angiogenesis also includes an angiogenesis mecha-
nism [16]. During the disease process of local tissue 
ischaemia or endothelial injury, EPCs can be mobil-
ised from the bone marrow to the blood circulation, 
which then reach injured sites, differentiate into 
endothelial cells, and form new blood vessels [10,17]. 
Therefore, adults exhibit increased local blood flow 
and promoted tissue repair through the angiogene-
sis mechanism.

Mobilisation of EPCs after injury is very important. 
Under normal conditions, EPCs in the bone marrow 
are in a resting state and can be mobilised into the 
systemic circulation under many stimulating factors. 
An increase in the number of EPCs in peripheral circu-

lation can migrate and differentiate at specific sites, 
thus forming endothelial cells and promoting angio-
genesis. Factors that have been identified to mobilise 
EPCs include growth factors, such as vascular endo-
thelial growth factor and basic fibroblast growth fac-
tor [21]. Mesenchymal stem cells (MSCs) are stem cells 
with self-proliferative capacity and multi-directional 
differentiation potential and are widely distributed in 
the connective tissue and organ stroma throughout 
the body. MSCs can be easily sampled, isolated, and 
largely amplified in vitro. Transplanted MSCs in vivo 
can secrete many vasoactive growth factors, includ-
ing vascular endothelial growth factor, which is one 
of the main factors that promotes vascular growth 
[4]. MSCs can release cytokines to increase the num-
ber of EPCs in the peripheral blood circulation, which 
in turn promotes angiogenesis and the recovery of 
neurological function through angiogenesis.

The results of this study are consistent with 
those of previous studies. However, this study was 
conducted only at the molecular and behavioural 
levels, and thus there are some limitations. Addition-
al studies should be conducted at the genetic level.

In conclusion, understanding the conditions 
of post-CI neovascularisation and the impact of 
BM-MSCs on neovascularisation in rats with traumat-
ic brain injury provides a foundation for CI treatment 
by stem cell transplantation. Clinical treatment of 
severe traumatic brain injury is a long-term complex 
problem, and it is difficult to achieve breakthroughs 
and improvements in a short period or improve the 
treatment effects of patients with severe traumatic 
brain injury through one drug or one method. How-
ever, clinical and basic studies can improve the treat-
ment effects of traumatic brain injury.
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