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Abstract
Background: In spinal cord injury, radical treatment is still a persistent hope for patients and
clinicians. Our study aimed to determine the different histological changes in central, cranial and
caudal sites of compressed spinal cord as a result of neuroectodermal stem cells (NESCs)
transplantation in rats. Material and methods: For extraction of NESCs, future brains were
extracted from mice embryos (10-days old) and cultured. Eighty, male rats were divided randomly
into control, sham (20 rats each); while 40 rats were subjected to compressed spinal cord injury
(CSCI). Seven days after spinal cord injury, rats were subdivided into 2 groups (20 rats each); an
untreated and treated with NESCs injected cranial and caudal to the site of the spinal cord injury.
Rats were sacrificed 4 weeks after transplantations of NESCs and specimens from the spinal cord
at the central, cranial and caudal to site of spinal cord injury were proceeded to be stained with
haematoxylin & eosin, osmic acid and Immunohistochemistry of glial fibrillary acidic protein
(GFAP). Results: Sections of CSCI revealed areas of hemorrhages, necrosis and cavitation limited
by reactive astrocytosis, with upregulation of GFAP expression. Evidence of remyelination and
mitigation of histopathological features, reactive astrocytosis in CSCI sections were more
pronounced in cranial than in caudal region. Conclusions: NESCs transplantation ameliorated the
pathological changes, promoted remyelination.
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Introduction
Spinal cord injury (SCI) induced by trauma is a main health problem, with thousands of
new cases reported each year. With the development of new advanced transportation methods, the
rate of SCI has amplified. SCI is an important cause of mortality and morbidity [1]. SCI resulted
in a loss of motor and sensation control, and hence affect the quality of life of the patient [2]. In
Saudi Arabia, the average duration of inpatient rehabilitation programs for SCI ranges from one to
one hundred and twenty weeks of hospitalization. The cost of these injuries to both individuals
and to society is staggering [3]
Furthermore, management of SCI patients is puzzling. Noticeable motor and sensory
impairment can result in long-life morbidity with a loss of voluntary control of urination and
defecation, as well as the loss of a normal sexual life in males. SCI lead to several health problems
and complications, as frequent kidney stones, urinary tract infections, respiratory and cardiac
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dysfunctions and pressure sores [4]. These complications limit self-care and independence and
make rehabilitation more difficult. The treatment of such complications is also very expensive [5].
The current treatment choices are physiotherapy and surgery, but as yet there is no therapy
to entirely restore function. Stem cells are able to self-renewal and have the capability to
differentiate to several cell types [6]. Stem cells are transplanted to stimulate repair after SCI. The
transplanting stem cells can bridge axons in the damaged region, inducing stem cells to form
oligodendrocyte precursors to remyelinate damaged axons [7]. Various types of cells have been
used, but neuroectodermal cells have proved most acceptable for the regeneration of nervous
tissue. Neuroectodermal stem cells (NESCs) differentiated to a various cells in nervous system,
and so can be used for nerve injury treatment [8]. Several clinical trials have shown that cell.
Transplantation is generally possible, but the efficiency of the method and the long-term care needs
remain unconfirmed [9]. NESCs can live repeated freeze–bank–thaw cycles, and can preserve a
normal karyotype and differentiation for years [6]. The aim of this study was to determine the
possible regenerative effect of NESCs on the histological changes resulting from compressed
injury to the spinal cord in a rat model.

Materials and Methods
Animals used in this study were mice for production of neuroectodermal stem cells and adult male
rats for control, sham, SCI model and received transplanted NESCs. Both mice and rats were
purchased from the animal house of King Fahd Medical Research Center, King Abdulaziz University,
and Jeddah, Saudi Arabia. All techniques were conducted according to the guidelines of the Canadian
Council on Animal Care. The rats were housed at 22–24ºC, with a 12:12 light:dark photoperiod. The
rats were fed a commercial diet and given water ad libitum.
I. Extraction of neuroectodermal stem cells
Forty female mice were mated overnight. Positive vaginal plugs were designated Day 0. The females
were scarified on day 10 and the fetuses were surgically removed from the uterine horns and placed
into phosphate buffered saline (Fig.1A). The fetuses were decapitated under a dissecting microscope
with a scalpel and fine forceps (Fig.1B). The fetal heads were washed with phosphate buffered saline
and 0.5% trypsin was added. The tissue was digested for 1 h at 37 °C then, 1 ml of phosphate buffered
saline containing 0.04% deoxyribonuclease was added to the tissue. The resultant solution was
aliquoted in 0.5-ml lots to 100-mm dishes containing 6 ml of a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and F12 medium (DME/ F 12) supplemented with 10% fetal bovine serum [10].
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Figure 1: A: Photograph of a single uteral horn of a pregnant mouse loaded with ten-day-old embryos. B:
Photograph of a ten-day-old mouse embryo for brain-tissue extraction.

II.Primary culture of embryonic neuroectodermal cells
Cells from approximately 10 fetal heads incubated for 7 h at 37 °C in humidified 5% CO2:95%
air. The majority of single cells spread and attached to the dish surface. These cells were like
spindle-shaped fibroblasts. On the other hand, the spherical clusters of cells demonstrating the
neural precursor cell population persisted floating. Isolated neural precursor cells from the 10 dayold mouse embryos were permitted to spread and attach to a plastic substrate and remain suspended
in the culture medium. The fibroblastic cells´ growth was inhibited in a selective medium. Cell
proliferation amplified from day 0 to day 3, 7 days in culture [10]. Ten hours after incubation, the
neural precursor cells appeared bright, loosely attached, and floating in the media, while the
fibroblasts were attached to the plate surface (Fig. 2A) three days after clusters of NESCs were
noticed (Fig. 2B).

Figure 2: Photomicrograph showing isolation and initiation of the neuroectodermal stem cells (NESCs)
from a ten-day-old mouse embryo head by trypsinization; plate (A) reveals the brightly loosely attached
NESCs after ten hours; plate (B) shows clusters of NESCs after three days; scale bars = 200 μm
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III. Formation of the CSCI model
Sixty male white Wistar rats weighing 200–250g were used. The animals were injected
intraperitoneally by 7.5 mg/kg ketamine (Phoenix Pharmaceutical, St. Joseph, MO) and 60 mg/kg
xylazine (Phoenix Pharmaceutical). The dorsal area between the neck and hind limbs, and
extending 2 cm bilaterally from the spine, was shaved and disinfected with serial povidone and
70% ethanol scrubs. A midline incision exposed the spinal column at the level of T8–T11, and the
paravertebral muscles were dissected bilaterally to visualize the transverse apophyses.
A laminectomy was performed at T10. The spinal cord injury was performed using a clip
compression technique, described in [11]. The spinal cord was exposed, and except for the sham
group, SCI was induced using a temporary aneurysm clip (Mizuho Aneurysm Clip, Mizuho, Japan)
for 60 seconds. The deep and superficial muscle layers were sutured, and the skin was closed with
stainless-steel wound clips. Immediately after surgery, animals were given subcutaneous saline
and prophylactic Baytril (2.5 mg/kg/d, s.c.; Bayer, Shawnee Mission, KS) and maintained on an
isothermic pad until alert and mobile. Manual bladder emptying technique twice daily was applied
[12]. Antibiotics (enrofloxacin, 2.5 mg/kg) were given before surgery and daily for 3–5 days.
V. Transplantation of embryonic neuroectodermal and ESCs cells in CSCI
Seven days after compression of spinal cord twenty rats were left untreated (CSCI) the other
twenty rats were treated by transplantation of NESCs. Only populations with over 95% viability
were transplanted. Animals received cyclosporine as an immunosuppressive one day before and
two days after transplantation. The animals were anesthetized as above and the laminectomy site
was re-exposed (Fig.3A). A 10-µl Hamilton syringe (Hamilton, Reno, NV) with a silicon-coated
pulled glass tip was lowered into the spinal cord (Fig. 3B). Cell suspensions of neuroectodermal
cells were injected along the midline of the spinal cord at a depth of 1.2 mm into one site 4 mm
cranial to the lesion epicenter and into another site 4 mm caudal to the lesion epicenter, in a total
volume of either 2.5 µl (250,000 cells) at a rate of 2 µl/min. The needle was removed after 5 min.
All rats in control, sham, CSCI and treated with NESCs were scarified after four weeks.
Samples were taken of spinal cord tissues from all groups from central, cranial, and caudal to the
site of spinal cord injury. The spinal cord tissues were removed rapidly, sliced coronal at 2 mm
intervals and proceeded to all the subsequent histological and immunohistochemical evaluations.
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Figure 3: A: Photograph of a SCI rat model showing exposed spinal cord after laminectomy. B: Photograph
showing transplantation of embryonic neuroectodermal cells into CSCI rat model using a 10-µl Hamilton
syringe.

A. Light microscopy studies
Specimens were fixed in 10% formalin and processed, embedded in paraffin wax. The 4μm-thick sections were stained with hematoxylin and eosin (H&E) examined using an Olympus
BX51TF light microscope (Olympus, Tokyo, Japan), and photographed [13].
B. Immunohistochemistry of glial fibrillary acidic protein (GFAP)
The tissue sections were deparaffinized and dipped in phosphate-buffered saline, kept in
cold methanol at 2 °C for 4 min, and washed in phosphate-buffered saline several times. The
tissues were treated for 30 min with 3% H2O2, the primary antibody, rabbit anti-GFAP diluted 1:20
in phosphate-buffered saline was added. The tissues were then incubated for 1 h. For control, the
primary antibody was omitted before adding the secondary antibody, biotin anti-rabbit, which was
diluted 1:20 in phosphate-buffered saline containing 1% bovine serum albumin for 30 min. Then
adding the extra avidin-peroxidase diluted 1:20 in phosphate-buffered saline containing 1% BSA
for 30 min. The slides were then washed in phosphate-buffered saline and treated with
diaminobenzidine for 30 seconds. Finally, the slides were washed in distilled water, dried, placed
in xylene for 5 min, and mounted with DPX [14].
C. Quantitative analysis of glial fibrillary acidic protein expression
The slides were digitized using an Olympus digital camera installed on an Olympus
BX51TF microscope with a ×1/2 photo adaptor using a ×40 objective. The resulting images were
analyzed on an Intel Core I3-based computer using Video Test Morphology software (Video Test,
St. Petersburg, Russia) with a specific built-in program for immunostaining analysis. The system
measured the percentage area of GFAP-positive expression. The software routine for
quantification was according to [15].
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D. Osmic acid staining
The spinal cord sections (1 cm) were fixed with 4% paraformaldehyde for 24–48 h (at 4
°C) and dehydrated with 30% sucrose overnight (4 °C). Afterwards the specimens were removed
from 4% paraformaldehyde, and each was rinsed with 0.01 mol/L phosphate-buffered saline for
20 min. They were transferred to 1% osmic acid for 3 to 7 days, and then rinsed with 0.01 mol/L
phosphate-buffered saline and stored in 75% ethanol. This was followed by gradual alcohol
dehydration and embedding in paraffin. The blocks were cut into sections using a conventional
microtome (Leica CM1900, Leica Camera AG, Oskar-Barnack, Germany) [16].
Statistical analysis:
The data were statistically analyzed using SPSS statistical software, version 19.0 (SPSS
Inc.,Chicago, IL, USA) for Windows. The results were presented as means ± SDs. The differences
between the data were analyzed using one-way ANOVA. Data was presented as means ± standard
deviations (SD). P ≤0.05 was considered significant.

Results
III. Histopathological examination
H&E-stained sections of the spinal cord in the control group revealed normal
histological structure (Fig. 4A). The sham group did not show marked differences from the
control, as there was only an apparent increase in the astrocytes (Fig.4B). Seven days after
CSCI, sections of the spinal cord revealed areas of cavitation surrounded by a demarcating
rim of numerous astrocytes with intensely acidophilic cytoplasm and dark shrunken nuclei
(Fig.4C). Other sections revealed localized areas of hemorrhage (Fig.4D). After
transplantation of neuroectodermal stem cells, an obvious increase was seen in astrocytes
central and caudal to the site of the injury (Fig.5B,C); cranial to the lesion, an increase in
oligodendrocytes was noticed (Fig.5A). Caudal to the site of CSCI, numerous degenerate
axons were observed (Fig.5C).
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Figure 4: Sections of white matter of the spinal cord, as seen using (H&E) staining; note the normal
structure in the control (A) and increased dispersed astrocytes (black arrows) in the sham group (B); (C):
white matter of the spinal cord of rats, seven days after CSCI, showing areas of cavitation (star) surrounded
by a demarcating rim of numerous astrocytes (dashed arrows), with intensely acidophilic cytoplasm and
dark shrunken nuclei; note the large motor neurons (black arrows); (D): posterior horn of the spinal cord of
rats seven days after the lesion, showing areas of localized hemorrhage with numerous astrocytes within
the field (dotted arrows); small sensory neurons (black arrows); scale bars A–D, 50 μm

Figure 5: Sections of white matter of the spinal cord after transplantation of NESCs, as seen by (H&E)
staining; A: cranial; B: central; C: caudal to the site of CSCI;an increase in astrocytes (black arrows) was
noticed at sites central and caudal to CSCI; oligodendrocytes (red arrows) were observed in cranial sites;
numerous degenerate axons (dotted black arrows) are visible caudal to the site of CSCI; scale bars A–C, 50
μm
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In immunostained sections with GFAP, the posterior funiculus of the white matter of the
spinal cord of rats from the sham group showed an apparent increase in the scattered astrocytes,
as compared to the control (Fig.6A,B). Seven days after CSCI, areas of reactive astrocytosis and
numerous astrocytes with thick cytoskeletal processes were noticed, indicating an upregulation of
GFAP expression (Fig.6C). After transplantation of the NESCs, normal distribution of the
astrocytes in cranial and caudal to CSCI was seen (Fig.7A,C). Marked reactive astrocytosis with
thick cytoskeletal processes was noticed in the area central to the CSCI (Fig.7B). The percentage
of the mean area of GFAP expression increased significantly in CSCI and NESCs-treated groups
(central to CSCI), as compared to control and sham groups (Fig.8).

Figure 6: GFAP-immunostained sections of white matter from the spinal cord of the control group showing
normal distribution of astrocytes (A) and apparent astrocytosis in the sham group (B); marked reactive
astrocytosis with thick cytoskeletal processes (C) was visible seven days after CSCI; scale bars A–C, 50
μm
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Figure 7: GFAP-immunostained sections of white matter from the spinal cord after transplantation of
NESCs, showing normal distribution of the astrocytes cranial (A) and caudal to CSCI (C); marked reactive
astrocytosis with thick cytoskeletal processes was noticed in the area central to the SCI (B); scale bars A–
C, 50 μm.

Figure 8: A bar graph showing the percentage of the mean area of GFAP expression in the control, sham,
,CSCI groups and NESCs-treated groups (central to CSCI); a one-way analysis of variance (ANOVA) test
was used; data are presented as means ± standard deviations (SD);
*P ≤ 0.05: comparison between NESCs-treated group and CSCI;
** P ≤ 0.05: comparison between NESCs-treated group and control and sham groups;
***P ≤ 0.05: comparison between CSCI and control and sham groups
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The sections of the spinal cord stained with osmic acid revealed darkly stained intact
myelin sheaths reflecting normal myelination of nerve fibers in the control and sham groups
(Fig.9A,B). Seven days after CSCI, the nerve fibers were lost and the number of myelinated nerve
fibers appeared to be minimal (Fig.9C). Transplantation of NESCs resulted in the regeneration of
new myelinated nerve fibers, centrally and cranially to the site of the lesion (Fig.10A,B).
Degenerated axons were noticed caudal to the site of spinal cord injury (Fig.10C).

Figure 9: Sections of white matter from the spinal cord of the control (A) and sham (B) groups, as seen by
staining with osmic acid, revealing darkly stained intact myelin sheaths; seven days after CSCI, nerve fibers
were lost, and the number of myelinated nerve fibers appeared to be minimal (C); scale bars A–C, 50 μm
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Figure 10: Sections of white matter of the spinal cord after transplantation of NESCs, showing new
myelinated axons (red arrows) in cranially (A) and centrally (B) to the site of CSCI, and few caudally; scale
bars A–C, 20 μm

Discussion
Central nervous system injuries, such as SCI, results primarily from trauma, and can lead to
loss of function and paralysis [17, 18]. Unfortunately, SCI has no proper treatment. In recent times,
renewed attention has been given to finding and developing a complete treatment for SCI. In
addition to neuroregenerative, neuroprotective, and neurocomputational strategies, cellular
transplantation is considered the most relevant, inspiring, and encouraging therapy for SCIs [6].
Neural regeneration is a promising area of clinical practice and of theoretical research in
neuroscience, particularly when no efficient treatment for neural damage has yet been developed.
Accordingly, research into the transplantation of neural stem cells has gained a great deal of
attention in medical research[4,19,20].
Neural stem cells (NSCs) have unique abilities not possessed by neurons, such as ease of
collection, easy techniques for culturing and amplification, and the viability of autologous grafting
after in vitro amplification, without encountering immune rejection. Neural stem cell transplantation has already been reported to be effective in treating nervous system injuries [21]. NSCs
are easily collected and transported, and are well-matched with diverse delivery methods [22].
Moreover, NSCs can differentiate into astrocytes and neurons in vivo and in vitro [23]. Promising
results after injection NSCs have been reported in the treatment of amyotrophic lateral sclerosis in
humans [24].
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In the present study, the compression model for SCI model was chosen to determine the
efficacy of neuroectodermal stem cells in the treatment of CSCI. The compression model was
selected to mimic the ventral compression that is seen in human clinical settings [25]. Hence,
compression and contusion models are more clinically applicable [26].
In the current study, seven days after CSCI, areas of localized hemorrhage and fibrinoid
necrosis were observed at the site of injury. Ischemia, hemorrhage, systemic hypotension, and
microcirculatory disturbances are the vascular manifestations of CSCI. A major decrease in blood
flow occurs immediately after SCI at the lesion site [27], while ischemia worsens in the first few
hours [28]. After a period of ischemia, blood reperfusion occurs, with increased free radicals that
lead to paradoxical reperfusion damage [29]. The disruption of small blood vessels and
hemorrhage affects local microcirculation more than large arteries, which leads to a failure of
glutamate-mediated excitotoxicity and autoregulation.
Additionally, severe systemic hypotension increases microcirculation dysfunction and
exacerbates injury [30]. This is accompanied by inflammation of the nervous tissue that influences
the cells to become necrotic at the injured site. At this stage, various types of immune cell—
including neutrophils, monocytes, microglia, and T-lymphocytes—secrete certain cytokines, such
as tumor necrosis factor-α, interleukin-1β, and interleukin-6, which leads to apoptotic cell death
[31].
Reactive astrocytosis was noted seven days after CSCI, and confirmed by the significant
increase in the percentage of the mean area of GFAP expression. It was reported that astrocytosis
can suppress oligodendrocyte generation and prevent remyelination by secreting endothelin-1
[32]. Similarly, reactive astrocytes inhibit neural axon regeneration after SCI in mice [33]. On the
other hand, previously found that reactive astrocytes restricted leukocyte infiltration, repaired the
blood-brain barrier, and preserved motor function [14].Furthermore, demyelination was a
consistent histopathological feature in osmic acid stained sections at the site of the lesion seven
days after CSCI.
In the present study, transplantation of NESCs led to decrease in hemorrhage area and zones
of cavitation in the examined H&E stained sections. The most important observed result is the
remyelination occurring at the site of transplantation. Moreover, the cranial region also revealed
mitigation of the pathological features noted in case of CSCI. On the other hand the caudal region,
compared to the cranial segment, did not show significant improvement. The enhancement of the
astrocytes expressed by the increase in the area percentage of the GFAP, noted at the site of the
lesion, suggests that NESCs were able to differentiate into glial astrocytes. This was confirmed by
a previous study which proposed that activated astrocytes have positive effects on myelination and
can promote the percentage of myelinated fibers in CNS rat cultures [34]. It has been suggested
that the increase in IL-1β levels at early stages of central nervous system pathology stimulates the
induction of mRNA, and protein in astrocytes, a phenomenon which appears to be important for
remyelination [35].
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Conclusion
Understanding the detailed pathology of CSCI would facilitate more complicated
procedures in future. The present work thus aimed to study the marked pathological changes in the
CSCI models, compared with sham and control groups. It has been established that the NESCs
alleviated histopathological changes that induced by CSCI and promoted remyelination. Further
studies are needed to investigate the ultrastructural changes in spinal cord after CSCI and evidence
of remylemination and restoration of locomotor function after transplantation of NESCs.
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