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Background: Ocular trauma and its sequelae substantially affect quality of life. 
Effective methods to promote regeneration of damaged optic nerve (ON) are still 
to be developed.
Purpose: To investigate structural changes in the rat ON after experimental ON 
injury followed by treatment with stem cells.
Materials and Methods: After being subjected to experimental injury, 40 rats 
were divided into two equal groups depending on whether they did (Group II) 
or did not receive (Group I) stem cells derived from the bulge of hair follicles of 
syngeneic animals. Histological and neurohistological techniques were used to 
investigate structural changes in the traumatized rat ON.
Results: Experimental injury to the ON resulted in its degeneration. Stem 
cell grafting at the site of injury initiated improved ON regeneration, which 
was evidenced by (1) newly formed nerve fibers and glial columns mostly of 
oligodendrocytes, (2) reduced glial scar volume due to reduction in the number of 
astrocytes, and (3) rapid elimination of myelin debris.
Conclusion: Injection of neural crest stem cells derived from the bulge of hair 
follicles of syngeneic animals improves the optic nerve restoration after injury.
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Introduction
Trauma has always received much attention in clinical 

practice. Injuries to the organs of the nervous system have 
been especially difficult to treat due to their potential for 
regeneration [1, 2]. When severe, ocular trauma and its 
sequelae substantially affect quality of life [3, 4]. 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 [5-11]. 
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 promising [12]. 
Due to their unique capabilities, they have the potential for 
achieving the required effect [13, 14]. They are capable, in 
particular, of differentiating into functionally active cells 
of the body, and can produce biologically active substances 
including various growth factors [13, 15- 16].

The purpose 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
The study protocol was approved by the Bioethics 

Committee of the Bohomolets National Medical University. 
An experimental model of injury to the orbital region of 
the skull and of the optic nerve 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), a 2-mm circular cutter was used 
for creating a marginal bone defect to a depth of 1 mm in 
the right cheekbone arch without making a discontinuity 
in the arch. In addition, the optic nerve and oculomotor 
muscles were separated and, at the middle third of the 
intraorbital portion of the optic nerve, clamped with 
forceps for 30 seconds to make damage to orbital soft 
tissue mass. Thereafter, in rats of Group I, the bone defect 
was filled with prefabricated fibrin gel. 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 (EPI-NCSCs) derived from the bulge of hair 
follicles of syngeneic animals [17-22]. In addition, the 
bone defect was filled with prefabricated fibrin gel. The 
surgical wound was sutured in layers.

At weeks 3 and 6 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 material for study.

The material was fixed in 10% neutral phosphate 
buffered formalin. Hematoxylin and eosin staining, silver 
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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”) of Kolomiitsev, Chaikovsky 
and Tereschenko [23]. 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 (C-
4040 zoom; Olympus, Tokyo, Japan) attached to a light 
microscope (Olympus model BX51). ImageJ 1.51a (NIH, 
Bethesda, MD; http://rsbweb.nih.gov/ij) was used for the 
analysis of digitized images.

Results
In the soft tissue content of the unaffected (control) 

orbit in animals of either group, no changes in oculomotor 
muscles, fat tissue and optic nerve were observed. The 
intraorbital, intracanalicular and intracranial portions of 
the optic nerve consisted of numerous myelinated nerve 
fibers made of retinal ganglion cell axons (Fig. 1) and 
arranged in parallel bundles. These fibers extended along 
the trunk of the nerve, with the fiber bundles subdivided by 
narrow glial columns. The columns contained a moderate 
number of oligodendrocytes and astrocytes arranged in 
two to three rows. The structure of the intraocular portion 
was somewhat different from those of the above portions, 
and involved the superficial nerve fiber layer, prelaminar 
region, lamina cribrosa region, and retrolaminar region. 
In the prelaminar region, glial cell axon bundles were 
unmyelinated and are surrounded by astrocytes and 
capillary-containing connective tissue layers. In the lamina 
cribrosa region, numerous unmyelinated nerve fibers were 
seen passing through lamina cribrosa that was composed 
of connective tissue and had multiple pores that were 
aligned to allow the passage of ganglion cell processes. 
The retrolaminar region of the optic nerve was composed 
of myelinated nerve fiber bundles subdivided by columns 
of astrocytes, oligodendrocytes and microglia. In addition, 
it was ensheathed in dura, pia, and arachnoid mater 
and its structure was similar to those of the intraorbital, 
intracanalicular and intracranial portions of the optic nerve. 
The above structure of the rat optic nerve was similar to 
the structure of the human optic nerve.[11]

In both experimental groups, at 3 weeks after traumatic 
injury to the orbital area of the skull, various degrees of 
destruction of orbital soft tissue mass were observed.

At 3 weeks after traumatic injury to the middle third 
of the intraorbital portion of the optic nerve, the damaged 
optic nerve in Group 1, as opposed to the control optic 
nerve, showed such signs of degeneration of the nerve 
portions as loss of parallel orientation of nerve fibers and 
of glial cell columns. Parallel orientation of astrocyte 

columns was observed only in the intraocular portion of, in 
the lamina cribrosa region of the affected rat optic nerve. 
Microscopy showed destruction of most of nerve fibers in 
the central (or retinal) optic nerve extending from the site 
of injury to the retina and involving the intraocular portion 
and one-third of the intraorbital portion. In addition, in 
the intraorbital portion of the central optic nerve, the cells 
were arranged chaotically among a moderate number of 
islands of detritus. In this portion, detritus was formed 
from destroyed myelinated nerve fibers. The number of 
cells was moderately increased compared to control, with 
astrocytes being the most abundant, followed by microglia 
and oligodendrocytes.

At the site of optic nerve injury (at the middle 
third of the intraorbital portion), microscopy revealed 
chaotically arranged cells and myelin debris separated 
by moderate amounts of connective tissue. At that site, 
astrocytes and fibroblasts were the most common, whereas 
oligodendrocytes and microglia were less common. Myelin 
debris was found in a moderate number of clumps. At 
some connective tissue sites, islands of fibrosis appeared 
as avascular areas. 

No nerve filaments, increased number of cells and 
detritus were seen in the peripheral optic nerve going from 
the site of injury into the optic chiasma and involving one-
third of the intraorbital portion and intracranial portion. 
Compared to the central optic nerve, the islands of myelin 
debris in the peripheral optic nerve were less numerous 
and smaller in size, although the detritus area was also 
substantial compared to the area of the optic nerve. In 
addition, cells were arranged in a more orderly pattern, 
with clear intercellular connective tissue layers.

At 6 weeks after experimental injury to the orbital 
area of the rat skull, the damaged optic nerve in Group 
1 showed signs of increased degeneration and faint signs 
of regeneration. Destructive changes were seen in the 
central part of the optic nerve, with some sites of this 
part having no nerve filaments, but numerous cells and 
detritus. In this area, only solitary newly formed axons 
were seen, which extended only within the intraoculal 
portion or were limited by that portion and the initial 
part of the intraorbital portion. In addition, the amount of 
detritus formed from destroyed myelinated nerve fibers 
and fragmented axial cylinders increased compared to the 
previous time-point. The number of cells in the central 
optic nerve also increased compared to the previous time-
point, and was higher than in control. Cells were mostly 
astrocytes and mictoglia, while oligodendrocytes were less 
numerous. In the lamina cribrosa region of the intraocular 
portion, astrocyte columns were oriented in parallel to one 
another, this arrangement being the same as at the previous 
time point.

As at the previous time-point, (1) in the lamina cribrosa 
region of the intraocular portion, astrocyte columns were 
oriented in parallel to one another, and (2) at the site 
of optic nerve injury, microscopy revealed irregularly 
arranged cells (astrocytes prevailed, and fibroblasts, 
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oligodendrocytes and mictoglia were also present) and 
myelin debris separated by connective tissue. Moderate 
amount of myelin debris appeared as small clamps. The 
number of islands of fibrosis was increased compared to 
the previous time-point.

At 6 weeks, no nerve fibers, in addition to numerous 
cells, myelin debris and connective tissue layers were seen 
in the peripheral optic nerve. Compared to the previous 
time-point, connective tissue layers separating the 
relatively regularly arranged rows of abundant cells and 
clumps of myelin debris were thicker (Fig. 2).

At 3 weeks, signs of optic nerve degeneration were 
observed not only in Group1, but also in Group 2 (animals 
receiving post-traumatic stem-cell therapy). However, in 
Group 2, in contrast to Group 1, the signs of initial regeneration 
were already present at this time point. The central part of 
the traumatized optic nerve in Group 2 demonstrated loss of 
parallel orientation of numerous nerve fibers and presence 
of parallel orientation of numerous glial cell columns. 
Among these columns of astrocytes and oligodendrocytes, 
solitary newly formed axons and myelin debris were seen. 
In addition, the number of oligodendrocytes was higher than 
that in animals of Group 1. 

At the site of optic nerve injury, microscopy revealed 
chaotically arranged cells and myelin debris separated by 
connective tissue as in Group 1 at 3 weeks. There were 
astrocytes among these cells, although their number was 
lower than in Group 1 at this time point. Fibroblasts, 
oligodendrocytes and microglia were also present. Myelin 
debris was found in small-sized clumps. Islands of fibrosis 
were practically not found in the connective tissue. 

In Group 2, in the peripheral optic nerve, some 
regenerating nerve filaments appeared at the site of injury, 
while newly formed axons were seen only at the initial 
portion of the peripheral optic nerve. Increased numbers 
of cells and detritus were also seen. In contrast to Group 
1, at this time point, detritus in the peripheral optic nerve 
contained less myelin debris, and glial columns composed 
mostly of oligodendrocytes began to appear. Longitudinal 
layers of connective tissue were seen.

At 6 weeks, in Group 2, polymorphic histological 
picture was seen in the optic nerve. However, in contrast 
to Group 1, signs of regeneration were more apparent than 
signs of degeneration. At this time point, in Group 2, the 
central part of the traumatized optic nerve demonstrated 
glial columns composed mostly of oligodendrocytes mixed 
with less number of astrocytes, and newly formed nerve 
fibers in between the glial cells; however, the number of 
these fibers was substantially less than in control.

In group 2, at the site of optic nerve injury, microscopy 
revealed chaotically arranged cells and myelin debris 
separated by connective tissue, as in Group 1 at this time 
point. However, at this time point, in this group, newly 
formed myelinated nerve fibers were clearly evident in 
between cells, detritus and connective tissue, as opposed 
to Group 1. Ratios of different cell types were similar to 
those in the same group at the previous time point, although 

the amount of myelin debris was reduced compared. The 
size and number of islands of fibrosis in connective tissue 
were very low.

At 6 weeks, newly formed myelinated nerve fibers 
going from the site of injury to the optic chiasma were 
found in the peripheral optic nerve in animals of Group 2. 
These fibers were seen arranged in parallel bundles (Fig. 3) 
surrounded by numerous glial columns that were formed 
mostly by oligodendrocytes. At this time point, in Group 
2, the detritus to connective tissue ratio was shifted to the 
right, and wide longitudinal connective tissue layers were 
rich with microcirculation vessels, as opposed to Group 1.

Discussion
Therefore, we developed a model of injury to the 

orbital area of the scull which demonstrated destructive 
changes in orbital soft tissue mass and severe degeneration 
of the optic nerve; this is in accord with the data reported 
in the literature [24-27]. 

We would like to mention the following among the 
factors that have been reported to hamper the optic nerve 
regeneration process. The lack of axonal regeneration 
in the injured optic nerve of adult mammals are mainly 
attributable to 1) delayed axotomy-induced apoptotic cell 
death of RGCs, 2) insufficient intrinsic ability of mature 
RGCs to regrow axons, 3) growth-inhibitory myelin in 
the optic nerve, and 4) formation of an inhibitory glial 
scar at the injury site [5]. In addition, during regeneration 
of injured nerve fibers, problems arise with regard to 
axonal regrowth and reconnection with the brain [9, 10]. 
Postnatal multipotent stem cells (epidermal neural crest 
stem cells (EPI-NCSCs) derived from the bulge of hair 
follicles of syngeneic animals) which we used to promote 
the optic nerve regeneration, have intrinsic capabilities 
that can be used to achieve the purpose of the study. It 
has been demonstrated that, when grafted at the site of 
optic nerve injury, EPI-NCSC cells survived for up to 6 
months and showed a low potential for migration and a 
high differentiation capacity induced by transforming 
growth factor (TGF)-β that is secreted by lymphocytes, 
microglia and macrophages. In addition, they, as opposed 
to fetal stem cells derived from neural crest cells, showed 
no tumorogenic potential [16]. It has been shown also that 
one-third of grafted stem cells begin expressing RIP, the 
oligodendrocyte marker, thus showing evidence of their 
differentiation into immature oligodendrocytes. The rest 
of grafted stem cells begin expressing bIII-Tubulin, the 
oligodendrocyte marker, thus showing evidence of their 
differentiation into neural cells. Glial fibrillary acidic 
protein (GFAP) is known to mark differentiated astrocytes, 
and no GFAP expression was found; however, almost all 
fetal stem cells derived from neural crest cells differentiated 
into astrocytes at the site of injury [16]. It has been shown 
that EPI-NCSCs begin expressing VEGF-A and VEGF-В, 
these two growth factors promoting vascularization at the 
site of injury [15, 16]. Analysis of the EPI-NCSC gene 
profile revealed that these cells express nerve growth factor 
(NGF) and brain-derived neurotrophic factor (BDNF) that 
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support the viability of neural cells. It has been established 
also that axons in the white matter of the spinal cord grow 
towards grafted EPI-NCSCs. [16]

The current study established that stem cell grafting at 
the site of optic nerve injury initiates improved optic nerve 
regeneration, which was evidenced by (1) newly formed 
nerve fibers and glial columns mostly of oligodendrocytes, 
(2) reduction in glial scar volume due to reduction in the 
number of astrocytes, and (3) rapid elimination of myelin 
debris.

The presence of nerve fibers in the central and peripheral 
optic nerve regions in Group 2 at week 6 may be attributed 
to the ability of stem cells to protect vulnerable RGCs and 
to the ability of EPI-NCSCs to transform into nerve cells. 
The emergence of increased numbers of regularly arranged 

parallel columns of oligodendrocytes may be attributed to 
the ability of stem cells to differentiate towards immature 
oligodendrocytes. Reduced glial scarring at the site of 
injury might be facilitated by the reduction in the number of 
oligodendrocytes and increase in the number of astrocytes. 
Rapid elimination of myelin debris may be attributed to 
the improved vascularization of the traumatized nerve due 
to the ability of stem cells to express some special growth 
factors.

Conclusion
Injection of neural crest stem cells derived from the 

bulge of hair follicles of syngeneic animals improves the 
optic nerve restoration after injury to the orbital skull 
region and orbital soft tissue mass.
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Fig. 1. Microphotograph showing myelinated nerve fibers arranged in 
parallel bundles in the non-traumatized (control) optic nerve. Silver nitrate 
impregnation.

Fig. 2. Microphotograph showing glial columns and connective tissue layers 
in the peripheral optic nerve at 6 weeks after optic nerve injury without stem 
cell treatment. Silver nitrate impregnation.

Fig. 3. Microphotograph showing newly formed myelinated nerve fibers, 
glial columns and connective tissue layers in the peripheral optic nerve at 
6 weeks after optic nerve injury and subsequent treatment with stem cells. 
Silver nitrate impregnation.


