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Human umbilical cord blood stem cells and brain-
derived neurotrophic factor for optic nerve injury: 
a biomechanical evaluation
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Introduction
The optic nerve is composed of retinal ganglion cell axons 
and glial cells. Optic nerve injury often leads to severe visual 
disorder, even blindness, but the effects of current therapies 
are not ideal (Johnson et al., 2010; Liu et al., 2010; Tsai et al., 
2010; Wu et al., 2010; Yao et al., 2010; Zhong et al., 2010; Mc-
Clenaghan et al., 2011; Zaverucha-do-Valle et al., 2011; Zhao 
et al., 2011; Zrenner et al., 2011; Dagnelie, 2012; Hollander et 
al., 2012; Jiang et al., 2012; Munemasa et al., 2012; Pascolini 
and Mariotti, 2012; Sui et al., 2013). Recent work on human 
umbilical cord blood stem cell (hUCBSC) transplantation 
as a treatment for optic nerve injury has shown encouraging 
progress. Intravitreal injection of hUCBSCs can repair optic 
nerve damage to some extent (Zhao et al., 2011; Jiang et al., 
2013). Li et al. (2015) considered that intravitreal injection 
of hUCBSCs slowed down retinal ganglion cell (RGC) apop-
tosis in rats with traumatic optic nerve injury. 

Brain-derived neurotrophic factor (BDNF) has specificity 
for RGC. It is a target-derived neurotrophic factor and an 
important axonal guidance molecule for the development 
of the optic nerve (Lv et al., 2009). BDNF can protect RGCs 

after optical nerve injury (Lv et al., 2009). 
Jiang et al. (2012) believed that recombinant human cil-

iary neurotrophic factor combined with Chinese medicine 
Fuguang particles effectively lessened histological and bio-
mechanical damage in rabbit models of optic nerve injury. 
It is rare to use biomechanical indicators to assess the effects 
of BDNF or hUCBSCs after optic nerve injury in animals. 
We presumed that the tensile properties of the optic nerve 
would alter after injury. This study investigated the neuro-
protective effects of BDNF and hUCBSCs on the optic nerve 
by using biomechanical indicators in a rabbit model of optic 
nerve injury. 

Materials and methods 
Experimental animals 
A total of 48 healthy clean male Japanese rabbits aged 5 
months and weighing 2.5–2.8 kg were provided by the 
Changchun High-tech Medical Animal Research Center in 
China (license No. SCXK (Ji) 2003-0004). Animals were 
housed at 23–24°C and at a relative humidity of 55–70%. 
The house is light and airy. They were allowed free access to 
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food and water. The experiment was approved by the Animal 
Ethics Committee, China-Japan Friendship Hospital, Jilin 
University, China. 

Preparation and intervention of animal models of optic 
nerve injury 
Animals were intraperitoneally anesthetized with 10% chlo-
ral hydrate (35 mg/kg) before experiments. Rabbits without 
pathological changes were included in this study after external 
examination of the eye and ophthalmascopic examination of 
the fundus. A total of 48 rabbits were randomly divided into a 
model group, a hUCBSC group and a BDNF group. 

Models of optic nerve injury were established following 
the method of Jiang et al. (2012). Rabbits were anesthetized 
with 0.1% urethane (5 mg/kg) via the auricular vein, and 
fixed on the table in the prone position. An incision was 
made on the left orbit of the rabbit to expose the supraor-
bital notch and the orbital wall. The bone plate of the partial 
orbital wall on both sides was removed from the supraor-
bital notch towards the optic canal (7–8-mm depth, 6-mm 
width). The posterior fascia bulbi was cut, and a blunt dis-
section was done along the superior rectus muscle towards 

the posterior part of the eye to expose the optic nerve. Ap-
proximately 5 mm of the optic nerve was dissociated, and 
clamped with a vascular clamp for 5 seconds (equivalent to 
98-g constant pressure; model: W40160; Shanghai Medical 
Equipment Works Co., Ltd., Shanghai, China). The surgi-
cal field was washed with gentamicin twice, and sutured 
with No. 10-0 nylon thread (Qingdao Nesco Medical Co., 
Ltd., Qingdao, Shandong Province, China). During model 
induction, it was necessary to avoid damage to the central 
retinal vessels. After the surgery, the conjunctival sac was 
coated with erythromycin. The fundus was observed with an 
ophthalmoscope (model: YZ6F; Suzhou Liuliu Technology 
Co., Ltd., Suzhou, Jiangsu Province, China). Rabbits without 
retinal vascular bleeding or infarction were considered as the 
successful standard. Sixteen normal eyes (right eye) from the 
48 rabbits were considered as the control group. 

Intervention with hUCBSCs and BDNF 
hUCBSCs were incubated with 440 mL of basal medium 
containing 50 mL of fetal bovine serum, 5 mL of penicil-
lin-streptomycin solution and 5 mL of glutamine (Beike 
Biotechnology, Shenzhen, China). At 7 days after the surgery, 

Figure 1 Effects of BDNF or hUCBSCs on electrophysiological properties of rabbit optic nerve. 
(A) Peak voltage (µV); (B) peak latency (ms). Data are expressed as the mean ± SD, with 16 rabbits in each group. Intergroup comparison was done 
using the Scheffe’s methods. #P < 0.05, vs. model group; †P < 0.05, vs. hUCBSC group. BDNF: Brain-derived neurotrophic factor; hUCBSC(s): hu-
man umbilical cord blood stem cell(s). 

Figure 2 Effects of BDNF or hUCBSCs on serum MDA content (A) and  SOD activity (B) in rabbits with optic nerve injury. 
Data are expressed as the mean ± SD, with 16 rabbits in each group. Intergroup comparison was done using Scheffe’s method. *P < 0.05, vs. control 
group; #P < 0.05, vs. model group; †P < 0.05, vs. hUCBSC group. BDNF: Brain-derived neurotrophic factor; hUCBSC(s): human umbilical cord 
blood stem cell(s); MDA: malondialdehyde; SOD: superoxide dismutase. 
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the vitreous body in the hUCBSC group received a one-
time 50-µg injection of 1 × 106 hUCBSCs. The BDNF group 
received a one-time 50-µg injection BDNF into the vitreous 
body (Beike Biotechnology) using a microsyringe (Shanghai 
GAOGE Industrial and Trading Co., Ltd., Shanghai, China) 
(Jiang et al., 2012).

Visual electrophysiological testing
Flash visual evoked potential was measured with a visual 
electrophysiology instrument (model: REFZ-POZE21som-
pace; Roland Consult, Wiesbaden, Germany) immediately 
and 30 days after surgery in each group. The recording elec-
trode was placed 1.5–2.0 cm superior to occipital protuber-
ance, the reference electrode was placed on the center of the 
frontal region, and the ground electrode was placed on the 
earlobe. The contact lens electrode was placed on the cornea, 
the reference electrode was placed on the temporal orbit, 
and the ground electrode was placed on the earlobe. Stimu-
lus was given with a full-field flash stimulator (model: SLS-
3100; Nikon, Tokyo, Japan), two-gear flash light, 60lx, at the 
frequency of 2 Hz, for 250 ms. 

Sample collection 
A 6-mL sample of blood was obtained from the rabbit eye-
ball at 30 days after the surgery, maintained in air for 15 
minutes and centrifuged at 2,000 × g for 20 minutes. The su-
pernatant was collected and stored at −40°C until required. 
The rabbits were sacrificed by injecting gas into the auricular 
vein, and the optic nerve was exposed. The optic nerve was 
removed from the orbit, while viewed through an ophthal-
moscope, and placed in physiological saline at 4°C for fur-
ther use. 

Determination of serum malondialdehyde (MDA) content 
and superoxide dismutase (SOD) activity 
Serum MDA content was detected by the thiobarbituric acid 
method and optical density (OD) measured, in accordance 
with the instructions of the MDA kit (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, Jiangsu Province, China). 

MDA content = (ODdetected tube − ODdetected blank tube)/ODstandard tube 

− ODstandard blank tube) × standard concentration (10 nmol/mL) × 
dilution before test. SOD activity was measured by the xan-
thine oxidase method, using a spectrophotometer (U3410; 
Hitachi, Tokyo, Japan), in accordance with the instructions of 
the SOD kit (Nanjing Jiancheng Bioengineering Institute). 

Tensile testing 
An automatic control electronic universal testing machine 
(model: MODEL55100; Changchun Research Institute for 
Testing Machines, Changchun, Jilin Province, China) was 
used. The length and diameter of the optic nerve were mea-
sured in each group with a reading microscope (model: 
CCS-3; Third Optical Instrument Factory, Changchun, Jilin 
Province, China). The lengths of the samples of the optic 
nerve in each group were controlled within the range 10 ± 0.1 
mm. The diameters of the optic nerve samples were 0.99–1.01 
mm in the control group, 0.98–0.99 mm in the model group, 
0.99–1.01 mm in the hUCBSC group and 0.98–1.02 mm in 

the BDNF group. To avoid entropy change or loss of me-
chanical energy during biomaterial deformation, prelimi-
nary adjustment was done in samples before testing. Accord-
ing to a previous method (Jiang et al., 2012), the loading and 
unloading curves overlapped after 10 cycles of preliminary 
adjustment. The experiment was then conducted at 36.5 ± 
1.0°C. Four groups of optic nerve were separately placed in 
the testing machine and subjected to tension at 2 mm/min. 
The output by the computer gave stress and strain values 
and stress-strain curves automatically. 

Observation under the scanning electron microscope 
One optic nerve from each group was collected and trimmed 
into a 5-mm segment. Each of these nerve segments was 
pre-fixed in 4% glutaraldehyde, post-fixed in 1% osmic acid, 
dehydrated through a graded acetone series, dried at the criti-
cal point, and coated by vacuum spraying. The morphology of 
the optic nerve was observed by using the field emission scan-
ning electron microscope (Carl Zeiss, Schwerte, Germany). 

Statistical analysis
Data are expressed as the mean ± SD, and were analyzed by 
using SPSS 16.0 software (SPSS, Chicago, IL, USA). Inter-
group difference was compared using one-way analysis of 
variance and Scheffe’s method. A value of P < 0.05 was con-
sidered statistically significant. Unary linear regression anal-
ysis was applied to establish stress-strain function in each 
group. 

Results
BDNF or hUCBSCs improved electrophysiological 
properties of injured optic nerve 
Flash visual evoked potential detection results revealed that 
peak voltages of optic nerve were greater and peak latencies 
were shorter in the hUCBSC group and BDNF group than in 
the model group (both P < 0.05). The peak voltage of rabbit 
optic nerve was higher and the peak latency was shorter in 
the hUCBSC group than in the BDNF group (both P < 0.05; 
Figure 1).

Effects of BDNF or hUCBSCs on serum SOD activity and 
MDA content in rabbits with optic nerve injury 
Colorimetric test results demonstrated that serum SOD ac-
tivity was higher, but MDA content was lower in the hUCB-
SC and BDNF groups than in the model group (both P < 
0.05; Figure 2). 

BDNF or hUCBSCs improved the ultrastructure of injured 
optic nerves 
Scanning electron microscopy demonstrated uniform nu-
clei of optic nerve cells and distinct axons without apparent 
edema, swelling or inflammatory cells in the control group. 
In the model group, there were sparse optic nerve fibers, 
indistinct structures, and nuclear fragmentation. In the 
BDNF group, some nerve fibers on the optic cross section 
were distributed regularly; axonal morphology was almost 
normal; some glial nuclei were disordered. A small number 
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Figure 3 Effects of BDNF or hUCBSCs on ultrastructure of injured optic nerve (scanning electron microscope, × 100). 
(A) Normal morphology of optic nerve cells in rabbits of the control group; (B) evident injury to optic nerve of rabbits in the model group; some 
nerve fibers were ordered on the cross section in the hUCBSC group (C) and BDNF group (D). Arrows show nerve fibers. BDNF: Brain-derived 
neurotrophic factor; hUCBSC(s): human umbilical cord blood stem cell(s). 

 A    B    C    D   

of vacuoles, karyolysis, and optic nerve tortuosity were all 
visible. Nuclear fragmentation could be seen occasionally, 
but optic nerve axons did not become thin. In the hUCBSC 
group, optic nerve fibers in the cross section were densely 
packed; most axons were normal, and glial nuclei appeared 
more normal (Figure 3). 

BDNF or hUCBSCs improved tensile properties of injured 
optic nerve
The tensile test results showed that the maximum load, max-
imum stress, maximum strain, elastic limit load and elastic 
limit stress were greater in the hUCBSC group and BDNF 
group than in the model group (P < 0.05). These measures 

were greater in the hUCBSC group than in the BDNF group 
(P < 0.05; Table 1). 

Curve fitting with tensile data was carried out in each 
group, and stress-strain curves were obtained (Figure 4). 
Under tensile loading, the stress-strain curves exhibited an 
exponential relationship, and then a non-linear relationship 
in each group. With increased stress, the slope of stress-strain 
curves increased, and the sample extended until it reached a 
breaking point. 

Using regression analysis, stress-strain functions in each 
group are as follows: 

Control group:
σ(ε) = − 9.7447e5 + 25.9838e4 − 2.7340e3 + 0.3636e2

Model group:
σ(ε) = 4.9716e5 + 8.1990e4 + 0.2606e3 − 0.0094e2

hUCBSC group:
σ(ε) = −15.9661e5 + 36.2587e4 − 7.954e3 + 0.8066e2

BDNF group: 
σ(ε) = −12.4019e5 + 34.7472e4 − 8.9528e3 + 0.8239e2

Discussion
Pedowitz et al. (1992) considered that electrophysiological 
testing is the most sensitive indicator to judge nerve injury. 
In this study, peak voltage was higher and peak latency was 
shorter in the hUCBSC and BDNF groups than in the mod-
el group. The hUCBSC group recovered peak voltage and 
latency better than in the BDNF group. These data indicate 
that optical nerve function was restored, in animal models 
with optic nerve injury, after treatment with hUCBSCs or 
BDNF, especially hUCBSCs. 

SOD and MDA are important indicators reflecting free 
radical metabolism. A decrease in SOD activity reduces 

Figure 4 Effects of BDNF or hUCBSCs on stress-strain curves of 
injured optic nerve.
BDNF: Brain-derived neurotrophic factor; hUCBSC(s): human umbili-
cal cord blood stem cell(s). 

Table 1 Effects of BDNF or hUCBSCs on tensile properties of injured optic nerve 

Group Maximum load (N) Maximum stress (MPa) Maximum strain (%) Elastic limit strain (%) Elastic limit load (N)
Elastic limit stress 
(MPa)

Control 0.96±0.06 1.22±0.08 19.12±2.1 11.40±1.1 0.64±0.04 0.82±0.06

Model 0.70±0.04* 0.91±0.04* 11.87±1.2* 7.80±0.5* 0.49±0.03* 0.64±0.06*

hUCBSC 0.88±0.03# 1.14±0.07# 17.10±1.4# 9.45±0.52# 0.61±0.04# 0.77±0.04#

BDNF 0.79±0.05#† 1.01±0.05#† 15.90±1.2#† 8.10±0.9#† 0.55±0.02#† 0.70±0.03#†

Data are expressed as the mean ± SD, with 15 samples in each group. Intergroup comparison was done using one-way analysis of variance and 
Scheffe’s method. *P < 0.05, vs. control group; #P < 0.05, vs. model group; †P < 0.05, vs. hUCBSC group. BDNF: Brain-derived neurotrophic factor; 
hUCBSC(s): human umbilical cord blood stem cell(s). 
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the ability to scavenge for free radicals and increased MDA 
content reflects enhanced lipid peroxidation. Bar-Ilan et al. 
(1991) confirmed that after optic nerve injury, changes to 
arachidonic acid metabolism can produce thromboxane A2 
and prostacyclin, cause vasoconstriction, spasm and occlu-
sion, secondary tissue ischemia and anoxia. Injury-generated 
free radical release induces biofilm damage and destroys 
biological barriers. SOD is a key antioxidase in the body and 
changes superoxide anion radicals into hydrogen peroxide 
and oxygen ions, diminishes lipid peroxidation, and protects 
body tissues and cells from damage. Results from the present 
study suggest that the ability to metabolize free radicals is 
enhanced in animal models with optic nerve injury after in-
tervention with hUCBSC or BDNF. 

In the BDNF group, some nerve fibers in cross sections of 
the optic nerves were distributed regularly; axonal morphol-
ogy returned to a degree of normality; some glial nuclei were 
disordered. A small number of vacuoles, karyolysis and optic 
nerve tortuosity were visible. Nuclear fragmentation could 
be seen occasionally, but optic nerve axons did not become 
thin. In the hUCBSC group, optic nerves on the cross section 
were dense; most axons were normal, and glial nuclei had 
become more normal. The results from this study demon-
strated that BDNF or hUCBSCs have some beneficial effects 
on the recovery of optic nerve morphology. Moreover, the 
effects of hUCBSCs were better than BDNF. 

The tensile test results verified that structural properties of 
the optic nerves were weakened in the animal model of op-
tic nerve injury but partially recovered after treatment with 
hUCBSCs or BDNF. All these findings support our hypoth-
esis that hUCBSCs or BDNF promote recovery from optic 
nerve injury. 
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