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ARTICLEINFO ABSTRACT

Article history: Background: Traumatic injury to the spinal cord causes cell death, demyelination, axonal degeneration,
Received: 22 August, 2020 and cavitation, resulting in functional motor and sensory loss. Stem cell therapy as a promising approach
Accepted: 1 September, 2020 for spinal cord injury (SCI) has some challenges, such as immunological responses to grafted cells.
Published: 10 September, 2020 Transplantation of autologous trans-differentiated cells can be a useful strategy to overcome this problem.
Keywords: Materials and Methods: In this research, we transplanted human-induced neural stem cells (hiNSCs),
Spinal cord injuries which were trans-differentiated from adult human fibroblasts into the injured spinal cord of adult rats on
trans-differentiation day seven post-injury. Before transplantation, hiNSCs were explored for expressing NSCs general protein
differentiation and genes and also, their normal karyotype was examined. After hiNSCs transplantation, behavioural tests
neural stem cells (BBB score and grid walk tests) were performed weekly and finally histological assessment was done for
zinc finger protein 521 exploring the cell fates and migration.

rats Results: Our results showed the cell viability, differentiation, and migration of transplanted hiNSCs was
genes significantly improved in the injured site of the spinal cord up to seven weeks after the SCI. Also, the

behavioural analysis revealed the enhanced locomotor functions of the animals that underwent
transplantation after seven weeks. Our data provide strong evidence in support of the feasibility of hiNSCs
for cell-based therapy in SCI rats.

© 2020 Sahar Kiani. Hosting by Science Repository.

Introduction million per year (95% confidence interval: 21.7-29.4/million/year) [3].
There is no cure for SCI and working on injury prevention,

Spinal cord injury (SCI) is one of the most disabling injuries. In 2016, pathophysiology and - treatment all are important options for

there were 930,000 (780,000-1,160,000) new cases of SCI in the world consideration.

and the number of prevalent cases of SCI was 27 million (25-30 million)

[1]. Globally, the incidence of TSCI ranges from 3.6 to 195.4 patients Immediately after SCI, a cascade of cellular and tissue events occurs that

per million [2]. The incidence of SCI in developing countries is 25.5 per haemorrhage initiation and its expansion at the injury site causes
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migration of inflammatory cells in the next stage. Release of
inflammatory mediators such as cytokines from these cells attracts more
inflammatory cells which make positive feedback [4]. At the acute phase
which may last from several days to weeks, the damaged neuronal and
glial cells secrete several factors, contributing to the production of
harmful chemical agents. This stage is called the acute phase, which may
last from several days to weeks [4]. At the end of the acute phase, due to
the function of immune cells, the rate of inflammation would be
declined, and a glial scar is formed at the injured site [5]. Reactive
astrocytes are the most abundant cells found in glial scar formation and
inhibit axonal growth in lesions [5]. The structure of the glial scar in
which are formed at the initiation of the sub-acute phase and become
complete in the chronic phase prevents the repair of neuronal damage
and acts as a barrier [5, 6].

The treatment of SCI is limited as a control of secondary complications,
and it is mainly focused on physical rehabilitation and pharmacological
therapy [7]. In recent years, two approaches have been proposed to
retrieve the functional loss in patients with SCI including, to promote
endogenous repair by applying external reagents such as drugs or growth
factors and replacing the lost cells by transplantation of the appropriate
cell from exogenous sources [8, 9]. Several preclinical studies have
applied cell therapies to repair the injured spinal cord. However, there
are many challenges to start clinical research because of inconsistencies
in the efficacy of therapy, limits on the number of patients in acute/sub-
acute SCI, and the high costs of clinical trials [10, 11]. The
transplantation of Schwann cells, neural stem cells or progenitor cells,
olfactory ensheathing cells, oligodendrocyte precursor cells, and
mesenchymal stem cells has been investigated as potential therapies for
the treatment of SCI in animal models [12]. Although there is little
information about which one of these types of cells can promote the
repair process and functional improvement, some therapeutic strategies
have been applied, including neuroprotection, immunomodulation,
axonal regeneration, neuronal relay formation, and myelin regeneration.
However, since the nature of the injury is multifaceted, a combination of
approaches would be necessary for the treatment of SCI [13, 14].

This study is focused on the therapeutic effect of neural precursor cells
(NSCs) on the neuronal repair process, following SCI. Upon
transplantation of NSCs, they can differentiate into either glial or
neuronal lineages [15]. However, the process of transplantation is always
integrated with immunosuppressive agents, possessing severe side
effects on patients, and putting them at risk of developing infections and
trauma. In the case of using autologous cells, the rate of immune
rejection could be markedly diminished [16]. Reprogramming
technology provides the opportunity for the transformation of somatic
cells into NSCs by direct conversion. In the present study, the hiNSC
cell line, which had been produced by using a single Zinc-Finger
transcription factor was transplanted to evaluate the efficacy of this type
of cell line in the treatment of SCI [17].

Materials and Methods
I Animal Procedures

All performed procedures on animals comply with the institutional
animal care and use committee (IACUC) at the Royan Institute, Iran. A
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total of 40 adults Wistar Rats (250-280 g) were used in this study. All
animals were randomly divided into four groups; control lesion (n=12),
fibroblast-transplanted group (n=9), hiNSCs transplanted (n=11), and
sham group in which the animals received phosphate-buffered saline
(PBS) only (n=10).

|1 Establishment and Culture of hiNSC

The generation and culture of neural stem cells derived from human
fibroblasts accomplished by the method developed by Shahbazi and his
colleagues [17]. Briefly, human fibroblasts were transduced with
lentiviral vectors expressing Zfp521 together with a green fluorescent
protein (GFP) tracer (Life Technologies). After viral infection, the cells
were cultured in the neural cell culture medium, containing
DMEM/Ham’s F12 (DMEM/F12; Invitrogen) supplemented with 10%
knockout serum replacement (KOSR), 1% non-essential amino acids
(NEAA), 1% L-glutamine, ITS (1 mg/ml insulin, 0.55 mg/ml transferrin,
0.67 mg/ml selenium), 1% N2-supplement, 0.05% B27,
penicillin/streptomycin (all purchased from Invitrogen), and 1.6 g/l
glucose (Sigma-Aldrich). Doxycycline (2 mg/ml) was added to the
culture medium to induce Zfp521 expression for 30 days. The epidermal
growth factor and basic fibroblast growth factor (EGF, 20 ng/ml and
bFGF, 20 ng/ml; Royan Institute) were added to the neural cell culture
medium from days 18 to 24. Neurospheres were collected and
transferred into a dish and then trypsinized. The isolated cells were
subsequently seeded onto tissue culture dishes coated with 0.001% poly-
L-ornithine and 1 mg/ml Laminin (Sigma-Aldrich) at 37°C for 1 hr. and
cultured in the neural cell culture medium supplemented with EGF and
bFGF in the absence of doxycycline [17].

111 SCI and Transplantation Procedures

Animals were anaesthetized with the intraperitoneal injection of a
mixture of Ketamine (100 mg/kg) and Xylazine (10 mg/kg). The surgical
area was first shaved and disinfected with 70% ethanol and betadine. A
midline incision was made at the T9-T11 area, and then the skin and
superficial muscles were retracted. A laminectomy was performed at the
T10-T11 area. A moderate to severe contusion injury was made by
dropping a 10g weight rod from a 25-mm height onto the dorsal surface
of the spinal cord via the NYU-impactor device. All rats, post-operation
received 5ml of 0.9% saline and 2.5 mg/kg Enrofloxacin
subcutaneously. Manual bladder expression was daily administered
twice until voiding reflex returned. Cyclosporin A (10 mg/kg) and
Enrofloxacin (2.5 mg/kg) were subcutaneously administered. Seven
days after SCI modeling prepared cells transplanted into animals. A total
number of 2-3x105 hiNSCs and fibroblasts per 5 microliters were
injected into the epicenter, upper, and lower region of the injured site.

1V Behavioural Assessments

The Basso, Beattie, and Bresnahan (BBB) open-field locomotor rating
scale was performed by two blind observers [18]. The BBB scores of all
experimental groups were zero for three days post-SCI. The BBB test
was carried out weekly for seven weeks after SCI to evaluate the hind
limb recovery [18]. Deficits in hindlimb motor function were measured
by the Grid walk test. For this aim, the Grid walk device was used that
consisted of a plate (one-meter length) which possesses irregular pores
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(1-5 cm diameter). When the animals walk on the plate, the number of
foot fault errors are recorded. Three days before SCI modeling all rats
were trained to walk on the plate to familiarize them with the apparatus.
The Grid walk test was carried out every week for seven weeks [19].

V Histological Analysis

Animals were sacrificed and transcardially perfused with 4%
paraformaldehyde (pH 7.4). The injured spinal cord was dissected and
post-fixed in 4% paraformaldehyde for 2 hours. Then, the tissues were
cryopreserved in 30% sucrose dissolved in PBS. One-centimeter length
of the spinal cord at the injury site was separated and embedded in
optimal cutting temperature (OCT) solution. Spinal cord tissue was
sectioned at the thickness of 14 um using a Cryostat apparatus and then
placed on tissue-adhering slides and subsequently stored at -70°C until
use. Before immunofluorescence staining, the slides were air-dried for
10 minutes and washed with PBS-Twin for 5 minutes. The tissue
sections were permeabilized by incubation in Triton X-100 for 20
minutes and blocked with the secondary host serum for 1 hour. The
sections were incubated at 4°C overnight with the primary antibodies.
After washing in PBS-Tween for three times, the nuclear staining was
performed by DAPI. The tissue sections were imaged by an inverted
microscope (Olympus, BX51). Primary antibodies were: TUJ1 (Santa
Cruz, Sc-58888, USA), NG2 (Santa Cruz, Sc-53389, USA), PDGFR-
Alpha (Santa Cruz, Sc-21789, USA), GFAP (Biorbyt, ORB 69320,
Sweden), Anti-human nuclear antibody (Abcam, ab191181, USA),
NESTIN (Santa Cruz, Sc-58813, USA), SOX1 (Santa Cruz, Sc-17318,

aad| NES TNV

USA), PAX6 (Santa Cruz, Sc-81649, USA). Nuclei were counterstained
with DAPI (Sigma-Aldrich, D8417).

VI Statistical Analysis

The obtained data were analysed by the SPSS software (version 16). The
difference between the experimental groups was compared using the
one-way analysis of variance (ANOVA), followed by Tukey's post hoc
test. The values were expressed as the mean and standard error of the
mean (mean + SEM). The level of significance was set at p-value <0.05.

Results
I Characterization, Differentiation, and Migration of hiNSCs

Before transplantation, hiNSCs were characterized according to specific
protein expression. The expression of NESTIN, SOX1 (Figure 1A), and
PAX®6 (Figure 1B) proteins, which are considered specific markers of
NSCs, were evaluated. After 14 days of the cell culture period, hiNSCs
were spontaneously differentiated into neural-like cells with removing
growth factors and express special proteins such as TUJ1 and GFAP
(Figure 1C). One week after SCI, hiNSCs were transplanted into the site
of injured site. Six weeks after SCI, the histological assessments showed
the GFP-positive hiNSCs were rarely observed and then faded. These
cells were detected using a human nuclear antigen protein antibody
(Figure 2A).

Figure 1: Generation and the cell culture of hiNSCs, A) & B) hiNSCs had typical morphology of neural stem cells before the transplantation process. The
expression of protein markers: NESTIN, SOX1, and PAX6. They also were able to express NESTIN, SOX1, and PAX6 markers, C) hiNSCs had the ability
to differentiate into TUJ1-, GFAP-, O4-positive cells spontaneously after 14 days.
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Figure 2: Survival, differentiation, and migration of transplanted hiNSCs, A) Transplanted hiNSCs expressed the human nuclear antigen protein one week
after transplantation that shows their viability in the damaged tissue, B) & C) Transplanted hiNSCs expressed hTUJ1- and hGFAP-positive cells seven
weeks after SCI, D1) The longitudinal section of the cells in the hiNSCs-transplanted group labeled with hGFAP; D2) & D3) Rostro-caudal migration of

hGFAP-positive cells.

Immunohistofluorescence staining demonstrated that the site of injury in
the spinal cord has a crucial impact on the fate of engrafted hiNSCs [20].
Our findings showed that human neural and glial cell protein markers
(hTujl and hGFAP) are expressed six weeks after the process of
transplantation (Figures 2B & 2C). Moreover, transplanted hiNSCs were
not positive for oligodendrocyte cells protein markers, such as PDGFRa
and Olig2. Besides, the migration of transplanted hiNSCs was tracked
by hGFAP staining (Figures 2D1, 2D2 & 2D3). It seems that hiNSCs
migrated rostro-caudally up to 4 mm from the injured site.

Il Hindlimb Recovery in Behavioural Test
We assessed the recovery of hindlimb movement in all experimental

groups (Figures 3A1 & 3A2). According to the BBB test, the fibroblast,
and PBS groups did not show any significant difference as compared

Neurol Neurobiol doi: 10.31487/j.NNB.2020.03.12

with the control group (one-way ANOVA with Tukey's post hoc test,
NS) and the scores were the same as values observed in the originally-
published study [21]. The best walking position in these three groups
consisted of frequent weight-supported plantar steps and occasional FL-
HL coordination (the mean of BBB scores were 8 to 12); however, the
hindlimb movement of the hiNSCs-transplanted group significantly
recovered in comparison with other experimental groups during seven
weeks (one-way ANOVA with Tukey's post hoc test, Figure 3Al, P <
0.01, P,0.001). Most of these animals had consistent plantar steps while
they had FL-HL coordination and occasional toe clearance (the mean of
BBB scores was 15 to 17).

The Grid walk test confirmed the results obtained from the BBB open-

field test as well. There were significant (Figure 3A2) differences in the
frequency of foot fault errors between the hiNSCs-transplanted group,
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the fibroblast-transplanted and control lesion groups at the second to no significant difference between the hiNSC transplanted and PBS
fourth weeks after the induction of SCI (one-way ANOVA with Tukey's groups (Figure 3A2).
post hoc test, Figure 3A1, P < 0.01, P,0.001)). Nevertheless, there was
----e-- Control
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Figure 3: A) hiNPC transplantation improved tissue repair and caused a significant behavioural recovery. One-way ANOVA, followed by Tukey's post hoc
test, was performed. The data obtained from the BBB and Grid walk tests were expressed as mean = SEM. ** shows significant differences with the control
group (P<0.01), and *** indicates significant differences with the control group (P<0.001). A1) the hiNSCs-transplanted group had significant motor-neuron
recovery in comparison with other groups, initiated from two weeks post-SCI to the end of the study. A2) In the Grid walk test, the number of foot fault
errors were substantially lower in the hiNSCs-transplanted group than that of the fibroblast-transplanted and control lesion groups one week after the
transplantation process to the end of the study. B) Hematoxylin-eosin staining of the cystic cavity in the spinal cord, Al) Longitudinal section; A2)
Transverse section; C), D) & E) Hematoxylin-eosin staining indicated a marked decrease in the cystic cavity of the injured spinal cord after seven weeks of
SCl induction. C1) Longitudinal section; C2) Transverse section of the control lesion group. D1) longitudinal section; D2) Transverse section of the hiNSC-
transplanted group. E1) longitudinal section; E2) Transverse section of the fibroblast-transplanted group.
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111 Changing in Cavity Size After Cell Therapy Intervention

One week after SCI, animals were transcardially perfused with 4%
paraformaldehyde, and their spinal cord tissue was removed and stained
with the hematoxylin-eosin staining method. The area of the cystic
cavity was evaluated by hematoxylin and eosin staining. A cystic cavity
was formed in the epicenter, and the structure of the gray matter was
completely destroyed (Figures 3B1 & 3B2). Furthermore, to assess the
progress of cystic cavity changes, histological staining was carried out
at the seventh week in the control lesion (Figures 3C1 & 3C2), hiNSC-
transplanted (Figures 3D1 & 3D2) and fibroblast-transplanted (Figures
3E1 & 3E2) groups. Our results showed that the cystic cavity was
improved at the injured site in the hiNSC-transplanted group during the
seventh week in comparison with the fibroblast-transplanted and control
lesion groups. However, the anatomical structure of the spinal cord was
not improved and irregular cell arrangement between collagen scaffolds
was observed in the injured site after seven weeks.

Discussion

In the present research, we used hiNSCs which were derived from human
fibroblasts by a trans-differentiation method established in our previous
study [17]. Studies demonstrated NSCs have a high capacity for the
treatment of SCI because of their ability to differentiate into neural-like
cells and replace them with the damaged neurons [22]. Accordingly, they
release neurotrophic factors that are useful in decreasing inflammation,
controlling glial scar formation and stimulation of axonal growth at the
injured site [20, 22]. According to the trans-differentiation method, we
can produce patient-specific cell lines which are devoid of
immunogenicity, suppressing the immune rejection in patients [23, 24].
Having typical morphology of NSCs, expressing specific protein
markers of them, and the ability of differentiation into the three main
lineages of neural cells are the most important indications that produced
cells have exactly the behaviour of natural NSCs. Trans-differentiated
hiNSCs induced by the Zfp521 gene, express NESTIN, SOX1, and
PAX®6, confirming the cell characteristics of NSCs [17]. They also were
capable of differentiating spontaneously in vitro into TUJ1- and GFAP-
cells implying that these cells are totally potent to make the three
lineages of neural cells [17]. These data confirm that Zfp521 can Trans-
differentiate fibroblasts into typical NSCs. So, we expected these cells
to have the ability of regeneration in SCI rats.

Then, hiNSCs were transplanted into sub-acute rats which underwent
SCI to determine whether these cells can reduce SCl-induced disability.
One week later, the presence of hiNSCs was corroborated after the
transplantation process. Although GFP-labelled cells became faded and
few cells were evident, the markers of hNu, hTuj1, and hGFAP which
are specific for human cells were used to probe these cells. The
transplanted hiNSCs had the capability to differentiate into hTujl1- and
hGFAP-positive cells. Although olig2- or PDGFRa-positive human cells
were not detected in our study, in our previous study which was the
combination of hNSCs and lithium chloride was applied, PDGFRa-
positive cells were visible [25]. Therefore, it seems that combinatorial
approaches could be more effective on oligodendrocyte differentiation.
Some studies examined the survival, migration, and differentiation of
NSCs in the spinal cord [25-27]; however, according to other studies
conducted on animal models, 1% to 37% of transplanted cells were
viable and able to escape from the immune system at the end of the study

Neurol Neurobiol doi: 10.31487/j.NNB.2020.03.12

[28]. Altogether, it can be concluded besides the viability of the hiNSCs,
they could differentiate and migrate in the damaged spinal cord which is
a substantial point that proves these trans-differentiated cells act exactly
like typical ones.

Regarding these obtained data, it is conceivable that suitable
combination therapy might promote the differentiation of NSCs with
higher cell viability. Besides, several lines of evidence demonstrated that
using growth factors, such as bFGF and EGF, as well as PDGF-AA,
increases cell survival and proliferation. So, the combinatory use of these
factors or any other accessory factors with these cells may enhance the
efficiency of cell therapy and protect the cells from the inflamed
environment of the damaged tissue [29].

Locomotor recovery was examined through the BBB and Grid walk
tests. Our results suggest that locomotor activity was improved in the
hiNSC-transplanted group in comparison to the fibroblast-transplanted,
sham, and control lesion groups in terms of the BBB scores. This score
was plotted in a chart as of the seventh week, denoting that the efficacy
of treatment was quite effective [21]. The least BBB score was observed
in the fibroblast-transplanted group when compared with other
experimental groups (even the control group). Although the difference
in the BBB score between the control and fibroblast-transplanted groups
was not statistically significant, it may cast doubt on the higher risk of
glial scar formation locomotor dysfunction in rats receiving fibroblasts.
The results of the Grid walk test showed a less significant difference in
terms of the number of foot fault errors suggesting a higher superiority
of hiNSCs over the fibroblast and other vehicle treatments. Therefore,
these results indicate that hiNSCs could result in locomotor
improvement in a SCI model when it comes to the Grid walk and BBB
tests. These data confirmed that hiNSCs effectively contribute to the
reconstruction of sensory-motor pathways in the spinal cord.

In this study, we investigated the cavity size found in the spinal cord to
examine whether the transplanted hiNSCs could participate in repairing
cavities. At first, to confirm SCI, 6 days after SCI surgery, animals were
transcardially perfused with 4% paraformaldehyde, and their spinal cord
tissue was stained with the hematoxylin-eosin staining method. The
presence of lesions and loss of approximately 60% of cells in this region
represents the severe damage in the spinal cord as evident in the
longitudinal and transverse sections [30]. Afterward, spinal cord tissues,
which were sectioned and stained with hematoxylin and eosin, seven
weeks post-SCI showed a marked improvement in the size of cavities in
the hiNSC-transplanted group as compared with other experimental
groups. The presence of lesions and loss of approximately 60% of cells
in this region represents the severe damage in the spinal cord as evident
in the longitudinal and transverse sections [30]. These findings restoring
the cell numbers of the cavity in the hiNSCs-transplanted group suggest
that the existence of these cells could be beneficial for the repair of
cavities and accelerating the recovery process. Other studies showed that
transplanted NSCs improve difficulties caused by damage to the spinal
cord through the production of neurotrophic factors [20, 22].

Conclusion
Our study showed that transplantation of hiNSCs trans-differentiated by
the overexpression of the ZFP521 gene could improve SCI difficulties

especially motor abilities, cavity formation and rewiring spinal cord
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tracts. In the case of the safety of trans-differentiation, as well as the
efficient production of hiNSCs, the application of these cells may enrich
the armamentarium of researchers in their quest for the treatment of SCI.
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