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ABSTRACT
Purpose: Orbital trauma is a challenging problem due to such severe sequel as diplopia, decrease of vision or
eye motility disorder. However, the conditions of orbital soft tissue content still have been underestimated. The
aim of this study was to investigate structural changes in the rat optic nerve after experimental injury followed by
treatment with stem cells.
Materials and methods: An experimental model of injury to the orbital soft tissue content in the rat was
developed. Forty Wistar rats maintained under daylight were divided into two equal experimental groups. Unlike
the rats of Group I, the site of injury to the orbital soft tissue mass in rats of Group II received the postnatal
multipotent stem cells, namely epidermal neural crest stem cells (eNCSCs) derived from the bulge of hair follicles.
Results: Comparing the number of glial cells per certain area of the slice (NC – number of cells) between
Group І and site without injury (control) after 3 week of observation shows that it was higher in Group I more
than 258.8% (P < 0.0001) and 272.4% in Group II (P < 0.0001). After 6 weeks NC in Group I was higher than at
previous terms: more then 128.9% (P < 0.0001). At the same, NC in group II was higher comparing with previous
terms only 17.1% (P = 0.0212). Between the animals of Group I at terms of 12 and 24 weeks the NC was high and
didn’t differ significantly between this terms of observation (ANOVA P = 0.4379). In contrast, the NC in Group II
stopped rising between 6 and 12 weeks demonstrating statistical equality (P = 0.4563).
Conclusions: It can be assumed that the application of mesenchymal stem cells, namely derivates of the neural
crest, after the experimental orbital trauma stimulates a recovery of the optic nerve. Further studies should be
performed to study more deeply the neural crest derived stem cell populations, involved into recovery of damaged
optic nerves.
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INTRODUCTION

Orbital trauma still become a challenging problem

due to such severe sequel as diplopia, decrease
of vision or eye motility disorder. All mentioned
sequelae dramatically decrease the quality of life
of the patients, influencing their social activity and
lead in some cases to partial or total professional
disability.1–3 In most cases, orbital trauma results
from the direct or indirect injuries of orbital bony
structures, as well as orbital soft tissue content.
Orbital wall fractures lead to appearance of the bony
defects requiring reconstruction. Besides, soft tissue
structures may be injured by the little bony fragments
or due to compression and hypoxia of increasing
swelling or hematoma.4–6
Usually, much attention is paid to precise
reconstruction of the orbital walls, when the
conditions of the soft tissue content remains
underestimated. Such nervous structures as cranial
nerves and optic nerve can be damaged with loose
of their inherent function and following functional
disability. Injuries to the organs of the nervous
system have been especially difficult to treat due
to their potential for regeneration.7,6 Although
numerous relevant studies have been conducted,
and the pathogenesis of optic nerve damage has
been thoroughly investigated, effective methods to
promote regeneration of damaged optic nerve are
still to be developed.2, 8–11 Due to this, therapeutic
influence to the regeneration of the nervous structures
of the orbital soft tissue content could be recognized
as appropriate component of complex orbital trauma
management in addition to surgical reconstruction.
However, treatment strategies capable of effecting
major phases of the regenerative process should be
developed. The use of stem cells for this purpose has
been found especially promising.12
Among the variety of the different types of stem
cells, used in regenerative medicine, the adult neural
crest-derived stem cells (aNCSCs) could be the
most promising ones, concerning regeneration of
orbital soft-tissue content. According to Blentic et
al13 a significant part of the maxilla-facial skeleton,
including bones of the orbit except minor wing of
the sphenoid, originates from ectomesenchyme
– derivate of neural crest. After specification and
migration to target tissues and organs the neural crest
cells originate different types of tissues, including
the bone, cartilage and connective tissue in the head
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and neck region, neurons and glia of the peripheral
nervous system, melanocytes, endothelial cells etc.
The main advantages of aNCSCs, mentioned in
the literature, are capability to most wide-ranging
multilineage differentiation and the plasticity of the
HOX code, which allows modifying their original
one after transplantation into the damaged tissue
site, acquiring the characteristic of recipient tissues’
HOX code. Due to above mentioned, therapeutic
application of the aNCSCs allows to suspect the
restoration of a bone,14,15 as well as damaged nerves
and muscles, which makes them attractive candidates
for application in regenerative medicine,16,15 especially
in the field of orbital trauma managements.
The aim of this study was to investigate structural
changes in the rat optic nerve after experimental
injury followed by treatment with stem cells.
MATERIALS AND METHODS
This study was performed in accordance with the
ethical standards of the institutional and national
research committees, the laws of Ukraine and the
1964 Helsinki declaration and its later amendments.
The study protocol was approved by the Bogomolets
National Medical University Bioethics Committee
(Protocol No 126).
An experimental model of injury to the orbital soft
tissue content in the rat was developed. Forty Wistar
rats (weight, 180-220 g) maintained under daylight
were divided into two equal experimental groups.
With the animal under thiopental sodium anesthesia
(50 mg/kg, intraperitoneally), the orbital soft tissue
content was injured by separation of the fat tissue
and oculomotor muscles with following clamping
with forceps of the middle third of the intraorbital
portion of the optic nerve for 30 seconds.17 Unlike
the rats of Group I, in rats of Group II, the site
of injury to the orbital soft tissue mass received
postnatal multipotent stem cells, epidermal neural
crest stem cells (eNCSCs) derived from the bulge of
hair follicles.18 The surgical wound was sutured in
layers.
At weeks 3, 6, 12 and 24 after experimental injury,
the optical nerve (intraocular portion, intraorbital
portion, intracanalicular portion and intracranial
portion going up to the optic chiasma) was taken for
study and compared with that of the normal (control)
contralateral orbit. Animals were euthanized with an
overdose of thiopental sodium prior to taking the
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material for study. The material was ﬁxed in 10%
neutral phosphate buffered formalin. Hematoxylin
and eosin staining, silver nitrate impregnation,
and Spielmeyer staining were used to investigate
the structure of the optic nerve. Optic nerves were
washed in phosphate buffer solution. Sections of the
optic nerve were cut on a freezing microtome and
impregnated by the silver nitrate method (“rapid
method for impregnation of the components of the
peripheral nervous system with silver nitrate”).19
In addition, the material was stained for the
demonstration of myelin sheaths by the Spielmeyer
method. After conventional histological processing,
the optic nerve was embedded in paraffin, and
longitudinal and transverse sections were cut
serially and stained with hematoxylin and eosin.
Photographs were taken with a digital camera (C4040 Zoom; Olympus, Tokyo, Japan) attached to a
light microscope (Olympus model BX51). ImageJ
1.51a (National Institutes of Health [NIH], Bethesda,
Maryland, United States; http://rsbweb.nih.gov/ij)
was used for the analysis of digitized images.
For morphometric evaluation the number of glial

cells per certain area of the slice (NC – number of
cells) was measured. The measurement was performed
in ImageJ 1.50 (NIH, Bethesda, Maryland, United
States, freeware). Acquired data were processed in the
software environment SPSS Statistics (version 18.0,
SPSS, Chicago, Illinois, USA) for statistical evaluation.
To determine the nature of the sample distribution,
Shapiro-Wilk test for normality was performed.
Statistical analysis involved the calculation of
mean values, standard deviation and mean error.
The assessment of the reliability of discrepancies
between the studied indicators was based on the use
of ANNOVA test with following pared parametric
Student's t-test. Statistical discrepancies were
considered significant at a confidence level of 95
percent (P < 0.05).
RESULTS
Due to pared comparison of groups, it was
noted that the NC in all groups and at all terms of
experiment were significantly higher, comparing
with control (P < 0.0001 for all comparisons) (Fig 1).

FIGURE 1. Results of morphometric evaluation of the number of glial cells per certain area of the slice at the area of the optic nerve injury between
experimental groups.
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Common to animals of both experimental groups
was the development of early degenerative changes
in response to injury. Such changes were manifested
not only by the development of retrograde, but also
by anterograde degeneration of nerve fibers at the
observation period of 3 and 6 weeks. The general
trend in animals of both groups was a slower course
of an anterograde degeneration than of a retrograde
one. Differences were also found between animals
of experimental Groups I and II: at 3 weeks the
degeneration process was faster and more complete
in Group II animals, which was manifested in less
amount of myelin and less number of cells in all
parts of the nerve.
Comparing the NC between Group І and control
after 3 week of observation (Fig 2) it was higher in
Group I more than 258.8% (P < 0.0001). The same
tendency was noted in Group II in the same terms
of observation (Fig 3): the NC was 272.4% higher
than in control (P < 0.0001).
After 6 weeks of observation in animals of both
experimental groups the changes indicated both
the completion of degeneration and the beginning
of regeneration. However, animals of Group
II demonstrated more intensive regeneration
processes and earlier onset, what was probably due
to faster decay of degraded myelin and is manifested
by more nerve fibers in the central part of the nerve,
fewer astrocytes and a more orderly arrangement.
The NC in Group I decreased and became much
higher than at previous terms: more then 128.9% (P
< 0.0001). At the same time, the NC in Group I have
not risen so dramatically and was higher comparing
with previous terms only 17.1% (P = 0.0212).
The changes noted at 12 weeks (Figs 4 and 5)
after injury indicated a more pronounced and

complete regeneration of the nerve fibers, which
was manifested in greater numbers in all parts of
the optic nerve in animals of Group II. Also, a less
number of astrocytes in all parts of the optic nerve
in animals of Group II was observed, which can be
regarded as less pronounced signs of glial scarring
in animals of this group.
Between the animals of Group II at terms of 12
and 24 weeks, the NC was high and did not differ
significantly between this terms of observation
(ANOVA P = 0.4379). In contrast, the NC in
Group II stopped rising between 6 and 12 weeks
demonstrating statistical equality (P = 0.4563).
The changes detected at 24 weeks were typical
for late neural regeneration. In animals of Group
I, regeneration was defective, manifested only by
single fibers that have sprouted through the site
of injury, which contained a large number of cells
and could be regarded as the formation of a glial
scar. The decrease in the number of nerve fibers in
Group II animals at this observation period could
probably be explained by the degeneration of those
nerve fibers that have not reached the end point of
innervation. At this terms there were no significant
differences in Group I comparing with results,
noted after 12 weeks. At the same time, Group
II demonstrated increase of the NC in 26.1%,
comparing with previous term of observation (P =
0.0059).
Comparing both groups, the NC was statistically
equal only after two weeks of experiment (P =
0.9923). However, after 6 weeks, it was lower than
46.9 % in Group II (P < 0.0001). The same tendency
was noted at the terms of 12 and 24 weeks, when it
was lower more then 37.7% and 25.9% respectively
(P < 0.0001 for both terms) (Table 1).

TABLE 1. Number of Glial Cells per Certain Area of the Slice in Different Terms of the Experiment.
Weeks of Examination

Groups

3

6

12

24

349.4±27.95*

799.7±102.4* †

778.6±73.87*

824.8±52.46*

424.8±41.88* † ‡

484.8±74.87* ‡

611.3±37.79* † ‡

Control
Group I (injury)

97.39

Group ІІ (injury + HF-NCSC) 362.7±27.19*
* Significant differ than in control
† Significant differ than in previous terms of experiment
‡ Significant differ than in previous group
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FIGURE 2. Infraorbital part of the optic nerve of the rat. Group І: 3 weeks after injury. Silver nitrate impregnation.

FIGURE 3. Infraorbital part of the optic nerve of the rat. Group IІ: 3 weeks after injury. Silver nitrate impregnation.
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FIGURE 4. Infraorbital part of the optic nerve of the rat. Group І: 12 weeks after injury. Silver nitrate impregnation.

FIGURE 5. Infraorbital part of the optic nerve of the rat. Group ІI: 12 weeks after injury. Silver nitrate impregnation.
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DISCUSSION
The developed model of orbital trauma of the
orbital allows reproducing destructive changes
in its content and deep degeneration of the optic
nerve, which is consistent with the literature.11,1,7
According to the literature there are several major
factors that complicate the regeneration of the optic
nerve. On the one hand, trauma induces apoptosis
of retinal ganglion neurons and there is a genetically
determined weak ability of injured axons of mature
retinal ganglion cells of the retina to regenerate. On
the other hand, slow elimination of destructured
myelin and formation of glial scar at the site of
injury delay the growth of regenerating axons.5
Additionally, there is a difficulty of directed growth
and restoration of initial connections with the brain
during regeneration of injured nerve fibres.16
According to the literature, NCSCs have
properties that can be used to achieve the goal of the
study and can be applied to stimulation of the optic
nerve regeneration. The most important of them
are ability to multilineage differentiation to glial
cells, as well as indirect influence to regeneration
due to homing, excretion of vasculogenic or other
trophic factors, cytokines and cellular messengers.
Numerous studies have proven the survival of stem
cells at the site of spinal cord injury up to 6 months
after implantation and their low ability to migrate
and the lack of tumorigenic potential.16,20–22 It has also
been shown that one third of the injected stem cells
begin to express RIP (marker of oligodendrocytes),
which indicates their differentiation into immature
oligodendrocytes. The other part of the stem cells
expresses bIII-Tubulin, which indicates their
differentiation into neurons.
It was found that NCSCs at the site of injury begin
to express VEGF-A and VEGF-B, which contribute
to the vascularization of the site of injury.8,12 Analysis
of the genetic profile of eNCSCs revealed that these
cells express NGF and BDNF (growth factors), which
maintain the viability of neurons. It was also found
that the axons in the white matter of the injured
spinal cord grow towards the implanted eNCSCs.23
According to our study, the use of stem cells
initiates the acceleration and improvement of
the regeneration of the optic nerve, as evidenced
by the appearance of young newly formed nerve
fibers, glial cell columns, which are formed mainly
of oligodendrocytes, reducing glial scarring by
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reducing the number of astrocytes and remnants of
destroyed myelin. The presence of nerve fibers in the
second group of animals at week 6 of the study in
the central and peripheral segments can be explained
by the ability of stem cells to protect retinal ganglion
neurons and the ability of eNCSCs to transform into
neurons. The appearance of more ordered columns
of oligodendrocytes can be attributed to the ability of
stem cells to differentiate in the direction of immature
oligodendrocytes. An increase in the number of
oligodendrocytes and a decrease in the number of
astrocytes may reduce the severity of the glial scar
at the site of injury. Acceleration of elimination
of the destroyed myelin remains is possible due to
improvement of vascularization of the injured nerve
that is caused by ability of stem cells to express the
corresponding factors.
The changes detected after 12 and 24 weeks of the
study, in the form of a decrease in the number of nerve
fibers in group I can be regarded both as a delay in
regeneration and as a consequence of its inferiority,
because of an increase of glial cell number. According
to studies, conducted by Fitzgerald et al4 and Zhang
et al24, an increase of glial cell number is a universal
response to trauma and axonal degeneration or
death of retinal ganglion cells. In contrast, in group
II animals after 12 and 24 weeks, although there
was a decrease in the number of nerve fibers in
the peripheral segment, the growth of the gliocytes
number was not so rapid, indicating less pronounced
scarring and more successful regeneration.
CONCLUSIONS
It can be assumed that the application of
mesenchymal stem cells, namely derivates of the
neural crest, after the experimental orbital trauma,
stimulates a recovery of the optic nerve. Further
studies should be performed to study more deeply
the neural crest derived stem cell populations,
involved into recovery of damaged optic nerves.
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