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Abstract

The optic nerve is a viscoelastic solid-like biomaterial. Its normal stress relaxation and creep properties enable the nerve to resist constant
strain and protect it from injury. We hypothesized that stress relaxation and creep properties of the optic nerve change after injury. More-
over, human brain-derived neurotrophic factor or umbilical cord blood-derived stem cells may restore these changes to normal. To validate
this hypothesis, a rabbit model of optic nerve injury was established using a clamp approach. At 7 days after injury, the vitreous body re-
ceived a one-time injection of 50 ug human brain-derived neurotrophic factor or 1 x 10° human umbilical cord blood-derived stem cells.
At 30 days after injury, stress relaxation and creep properties of the optic nerve that received treatment had recovered greatly, with patho-
logical changes in the injured optic nerve also noticeably improved. These results suggest that human brain-derived neurotrophic factor or
umbilical cord blood-derived stem cell intervention promotes viscoelasticity recovery of injured optic nerves, and thereby contributes to
nerve recovery.
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of central nervous system injury (Bi et al., 2009; Chakraborty
et al., 2014). There is evidence that intravitreous injection of

Introduction
Currently used medication and gene therapy for the treat-

ment of optic nerve injury have no ideal therapeutic effects
(Schwartz, 2004; Dahlmann-Noor et al., 2010; Zrenner et al.,
2011; Dagnelie, 2012; Hollander et al., 2012; Munemasa et al.,
2012; Bodanapally et al., 2013; Chiu et al., 2013; Hunsberger
et al., 2013; Lv et al., 2013; Yi et al., 2013; Mar et al., 2014).
Stem cells exhibit neuroprotective effects in various models
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human umbilical cord blood-derived stem cells (hUCBSCs)
can reduce progressive retinal ganglion cell (RGC) death af-
ter optic nerve injury, and accordingly, reduce loss of visual
function (Gluckman et al., 1989; Zhao et al., 2011). Li et al.
(2015) confirmed that intravitreous injection of hUCBSCs in
rats with optic nerve injury reduces RGC loss by protecting
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RGCs. In addition, Liu et al. (2009) found increased number
of surviving RGCs after transplantation of human brain-de-
rived neurotrophic factor (h(BDNF)-green fluorescent protein
(GFP) gene-transfected neural stem cells into the injured rat
retina. Moreover, Hou et al. (2004) showed that intravitreous
injection of recombinant adenovirus-containing BDNF gene
in rats with incomplete optic nerve injury led to flash visu-
al-evoked potentials (F-VEP) with increased P1 wave ampli-
tudes and shortened latencies, while rat neurological function
recovered to a certain degree.

The optic nerve is a viscoelastic solid-like biomaterial. Its
normal stress relaxation and creep properties enable the nerve
to resist constant strain and protect it from injury. In this study,
we hypothesized that BDNF or hUCBSC treatment may, to a
certain extent, recover the altered stress relaxation and creep
properties of the injured optic nerve. Using a rabbit model
of optic nerve injury, we treated the animals with BDNF or
hUCBSCs and then examined the therapeutic effect of each
intervention from a viscoelastic and histomorphological per-
spective. Our intention was to provide information regarding
viscoelasticity for the clinical treatment of optic nerve injury.

Materials and Methods

Ethics statement

Rabbits were allowed free access to water in their cages. The
experimental protocol was approved by the Animal Ethics
Committee, China-Japan Union Hospital of Jilin Universi-
ty, China. This study was performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Precautions were taken to minimize suf-
fering and the number of animals used in each experiment.

Animals

Sixty male healthy Japanese rabbits, aged 5 months, weighing
2.5-2.8 kg, were provided by Changchun Gaoxin Medical
Experimental Animal Center, China (license No. SCXK (Ji)
2003-0004). They were fed with whole grain and raised in an
environment with air circulation (23-24°C), relative humid-
ity (55-70%), and natural illumination.

Prior to experimentation, all rabbits were anesthetized by
intraperitoneal injection of 10% chloral hydrate (35 mg/
kg). Rabbits with no lesions in the outer eyes or ocular fun-
dus were included in the experiments. Sixty rabbits were
randomly divided into model (optic nerve injury), optic
nerve injury + hUCBSC (hUCBSC) and optic nerve injury
+ hBDNF (hBDNF) groups. Normal eyes (right eyes) of 20
randomly selected rabbits from these 60 rabbits were includ-
ed as controls (control group).

Preparation of rabbit models of optic nerve injury

Precisely, following anesthesia by intravenous injection of
0.1% urethane (5 mg/kg) via the ear edge vein, rabbits were
fixed on the pre-sterilized operating table in a prone posi-
tion. The supraorbital skin of the left eye was incised to ex-
pose the supraorbital margin incisure and orbital wall. The
part bone lamella of the orbital wall was removed, thereby
passing through the supraorbital margin incisures (7-8 mm

in depth and 6 mm in width). To expose the optic nerve, the
posterior aponeurosis and orbicularis oculi muscles were cut
and then bluntly separated along the superior rectus muscle
towards the back of the eye ball. An approximately 5 mm
length of optic nerve was dissociated, and the nerve (approx-
imately 3 mm away from the posterior pole) was clamped
for 5 seconds using a vascular clamp (W40160, specification:
3.7 cm; Shanghai Medical Apparatus and Instruments Fac-
tory, Shanghai, China) at 98 g constant pressure. After two
gentamicin washes, the injured optic nerve was sutured layer
by layer. After surgery, erythromycin was administered to the
conjunctival sac and the eye examined using an ophthalmo-
scope (YZ6F; Liuliu Science Co., Ltd., Suzhou, Jiangsu Prov-
ince, China). Successful rabbit models of optic nerve injury
presenting no retinal vascular hemorrhage or infarction were
included for further experiments.

BDNF and hUCBSC interventions

Seven days after optic nerve injury, rabbits in the hBDNF
and hUCBSC groups received intravitreous injection of 50
ng BDNF (Beike Biological Science and Technology Co.,
Ltd., Shenzhen, Guangdong Province, China) or 1 x 10°
hUCBSCs (Beike Biological Science and Technology Co.,
Ltd.) using a microsyringe (YZ6F; Shanghai Meilian Biologi-
cal Science and Technology Co., Ltd., Shanghai, China).

Sample harvesting

Thirty days after injury, 20 rabbits selected from each group
were sacrificed by intravenous gas injection via the ear edge
vein. The optic nerve was exposed. Under the ophthalmo-
scope, a segment of orbital optic nerve was harvested and
stored in a container with physical saline at 4°C.

Hematoxylin-eosin staining

Optic nerve samples were fixed in 10% neutral formalin for
24 hours, degraded through an ethanol series, cleared with
xylene, embedded with paraffin, successively transversely
sliced into 3 um thick sections, and enveloped with wax on
albumen- and glycerol-coated slides. Sections were then
routinely dewaxed, stained with hematoxylin for 3 minutes,
washed with running water, treated with hydrochloric acid,
washed with running water, treated with mild ammonia
water, washed with running water, stained with eosin for 2
minutes, dehydrated through an ethanol series, cleared with
xylene, and mounted with neutral gum. Injured optic nerve
morphology was observed under an optical microscope
(BX51; Olympus, Tokyo, Japan).

Stress relaxation testing of injured optic nerve

The length and diameter of injured optic nerve samples were
measured using a CCs-3 reading microscope (Changchun
Third Optical Instrument Co., Ltd., Changchun, Jilin Prov-
ince, China). The length of each optic nerve sample was 10 £
0.1 mm. Each optic nerve sample was loaded and unloaded
10 times. At 36.5 £+ 1.0°C, each optic nerve sample was fixed
in an electronic universal testing machine and the strain
increased at a speed of 50%/min. When the strain reached
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3.98%, 3.85%, 3.78%, and 3.92% in the control, BDNE mod-
el, and hUCBSC groups, respectively, and stress reached 0.61
MPa in each group, the strain was maintained constant in
each group. Experimental sessions lasted 7,200 seconds. Once
the experimental session was complete, stress-relaxation data
and curves were automatically outputted.

Creep testing

Sample fixation, experimental temperature, data collection,
and preliminary adjustment of the creep testing were iden-
tical to those used for stress-relaxation testing. The stress
added to the optic nerve sample increased at a speed of 0.5
GPa/min. When the strain reached 4.00%, 3.77%, 3.86%,
and 3.85% in the control, model, hUCBSC, and hBDNF
groups, respectively, the stress was maintained at 0.61 MPa.
Creep data and curves and time-dependent strain changes
were determined.

Statistical analysis

All data are expressed as the mean = SD and statistically
processed using SPSS16.0 software (SPSS, Chicago, IL, USA).
One-way analysis of variance and Scheffé’s method were
used for comparisons between groups. A level of P < 0.05
was considered statistically significant. The normalized stress
relaxation function and normalized creep function equation
of the optic nerve sample in each group were established.

Results

BDNF and hUCBSC improved injured optic nerve pathology
Hematoxylin-eosin staining of transverse sections revealed
that in the control group, fibers with an ordered structure
were densely packed and arranged in parallel. In addition,
glial cells were even in size and arrangement. In the model
group, optic nerve fiber structure disappeared, nerve fibers
and glial cells degenerated, and necrotic and deliquescent nu-
clei were occasionally observed. In the hUCBSC group, optic
nerve fiber structure was absent with a few optic nerve fibers
irregularly arranged, yet obviously thinned optic nerves were
not observed. In the BDNF group, some optic nerve fibers
were irregularly arranged but optic nerve fiber structure was
visible. Additionally, an increased number of glial cell nuclei
were observed, with only a small number dissolved (Figure 1).

Effects of hBDNF and hUCBSC on stress-relaxation curves
in rabbits with optic nerve injury

In the hUCBSC and hBDNF groups, stress at 7,200 seconds
was greatly decreased compared with the model group (P
< 0.05). Stress at 7,200 seconds in the hUCBSC group was
significantly decreased compared with the hBDNF group (P
< 0.05; Figure 2). Functional expression of stress-relaxation
curves from optic nerves in each group changed in a loga-
rithmic manner.

The optic nerve stress-relaxation function was signifi-
cantly greater at 7,200 seconds in the hUCBSC and hBDNF
groups than in the model group (P < 0.05). Additionally,
the stress-relaxation function was significantly greater in the
hUCBSC group compared with the hBDNF group (P < 0.05;
Figure 3).
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We found that stress-relaxation curves changed in a loga-
rithmic manner (Figure 3). Therefore, they could be desig-
nated according to a method by Ma et al. (2004) as follows:

1 t=0
G()= { M

clnt+d t>0

Where c and d are undetermined constants,
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The data were introduced into equation (2) to obtain ¢
and d values in each group, which were then introduced into

equation (1) to obtain a normalized stress relaxation func-
tional equation as follows:

(2)

Model group:
1 t=0
an = { 1.0131In7-0.0220 >0
Control group:
1 t=0
G(1) = { 1.0061In7—0.0308 >0
hBDNF group:
G() = { 1 t=0
1.0288Int-0.0265 t>0
hUCBSC group:
G() = { 1 t=0
1.0385Int-0.0312 >0

Effects of hBDNF and hUCBSC on creep curves of injured

rabbit optic nerves

Our creep testing results demonstrated significantly in-
creased strain in the injured optic nerve at 7,200 seconds in
the hUCBSC and hBDNF groups compared with the model
group (P < 0.05). Moreover, strain was also significantly in-
creased in the hUCBSC group compared with the hBDNF
group (P < 0.05; Figure 4). Creep curves of optic nerve sam-
ples in each group changed in a logarithmic manner.

Our normalized creep function results show that the
normalized creep function value of the optic nerve at 7,200
seconds in the hUCBSC and hBDNF groups was significant-
ly greater than in the model group (P < 0.05). Similarly, the
normalized creep function value in the hUCBSC group was
significantly greater than in the hBDNF group (P < 0.05;
Figure 5).

Normalized creep function curves of optic nerves in each
group changed in a logarithmic manner. According to Ma et
al. (2004), we hypothesized that:

J (BHD=a+be”’ (3)

If pab)=3 07,1
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Optic nerve creep data in each group were introduced into
equation (4) to obtain a and b values in each group, which
were then introduced into equation (3) to obtain the nor-
malized creep functional equation as follows:

Control group:

1 t=0

J _{ 1.0891-0.0891e” >0
Model group:

1 t=0
J® :{ 1.0790-0.0790e" >0
hBDNF group:

1 t=0
J(@) :{ 1.0288-0.0265¢" >0
hUCBSC group:

1 t=0
J(1) Z{ 1.0873-0.0873¢”" t>0

Discussion

Only optic nerves with complete nerve fiber structure exhibit
the capacity to counteract stress and strain. Our results show
that after repair by hUCBSC transplantation, optic nerve fiber
structure is present in rabbits after optic nerve injury, with the
majority of optic nerve fibers well arranged, and obviously
thinning optic nerves not observed. However, after hBDNF
treatment, some optic nerve fibers were poorly arranged, al-
though optic nerve fiber structure was present, and glial cell
nuclei were increased in number with only a small number
dissolved. These findings suggest that hUCBSC and hBD-
NF can recover injured optic nerve morphology in animal
models. We also found that after optic nerve injury, the nerve
structure was disordered and the fibers poorly arranged,
which led to changes in stress relaxation and creep properties.
However, after hUCBSC or hBDNF intervention, stress re-
laxation and creep properties recovered to a certain degree in
our rabbit model of optic nerve injury. These results suggest
that hUCBSC and hBDNF intervention promote recovery of
viscoelastic properties of injured optic nerves, and as expect-
ed, contribute to recovery from optic nerve injury.

The therapeutic effects of animal models of optic nerve
injury have mostly been examined from the biological and
histomorphological perspective. Ma et al. (2000) investigated
the viscoelasticity of optic nerves harvested from a male ca-
daver using the normalized stress relaxation function at 6,600
seconds, and concluded that optic nerves exhibit striking
viscoelasticity. In this study, we also obtained stress relax-
ation and creep curves of injured optic nerves after hUCBSC
or hBDNF intervention.

The number of optic nerve samples in our study is lim-
ited and the optic nerves are different among individuals,
which may result in bias. Additionally, we performed stress
relaxation and creep experiments under only one stress and
strain state because of our limited sample size. Nevertheless,
our present results are still valuable for clinical treatment of
optic nerve injury.
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Figure 1 Effects of human brain-derived neurotrophic factor (hBDNF) and umbilical cord blood-derived stem cells (hUCBSC) on pathological
morphology of injured optic nerve (optical microscope, hematoxylin-eosin staining, x 400).

(A) In the control group, optic nerve fibers (arrows) were densely arranged and parallel to each other. (B) In the hUCBSC group, optic nerve fiber
structure was absent with a few optic nerve fibers poorly arranged, but obviously thinned optic nerves were not observed. Arrows point to injured
optic nerve fibers. (C) In the hBDNF group, some optic nerve fibers were irregularly arranged, but optic nerve fiber structure was present and gli-
al cell nuclei increased in number with a small number of nuclei dissolved (arrows). In the model group, optic nerve fiber structure disappeared,

nerve fibers and glial cells degenerated, and necrotic and deliquescent nuclei were occasionally observed (arrows).
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