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Study Design: This study investigated the effects of transplantation of alginate encapsulated neural stem cells (NSCs) on spinal cord 
injury in Sprague-Dawley male rats. The neurological functions were assessed for 6 weeks after transplantation along with a histo-
logical study and measurement of caspase-3 levels.
Purpose: The aim of this study was to discover whether NSCs cultured in alginate transplantation improve recovery from spinal 
cord injury.
Overview of Literature: Spinal cord injury is one of the leading causes of disability and it has no effective treatment. Spinal cord 
injury can also cause sensory impairment. With an impetus on using stem cells therapy in various central nervous system settings, 
there is an interest in using stem cells for addressing spinal cord injury. Neural stem cell is one type of stem cells that is able to dif-
ferentiate to all three neural lineages and it shows promise in spinal injury treatment. Furthermore, a number of studies have shown 
that culturing NSCs in three-dimensional (3D) scaffolds like alginate could enhance neural differentiation. 
Methods: The NSCs were isolated from 14-day-old rat embryos. The isolated NSCs were cultured in growth media containing basic fi-
broblast growth factor and endothelial growth factor. The cells were characterized by differentiating to three neural lineages and they 
were cultured in an alginate scaffold. After 7 days the cells were encapsulated and transplanted in a rat model of spinal cord injury.
Results: Our data showed that culturing in an alginate 3D scaffold and transplantation of the NSCs could improve neurological out-
come in a rat model of spinal cord injury. The inflammation scores and lesion sizes and also the activity of caspase-3 (for apoptosis 
evaluation) were less in encapsulated neural stem cell transplantation cases.
Conclusions: Transplantation of NSCs that were cultured in an alginate scaffold led to a better clinical and histological outcome for 
recovery from spinal cord injury in a rat model.
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Introduction

Spinal cord injury is a significant condition of unmet 
medical need and its prevalence is rising each year. The 

mortality from spinal cord injury has remained at 5% for 
many years; however, the disability from this condition 
is a major concern of the clinicians and patients around 
the world [1]. Contusions and compressions are the most 
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common types of spinal cord injury that could physically 
damage the spinal cord followed by formation of a glial 
scar, demyelization and axonal damage [2-4]. Spinal cord 
injury pathophysiology has two steps: first, the primary 
damage caused by the mechanical contusion and second, 
the secondary damage that caused by inflammation, axo-
nal damage and increasing numbers of astroglia [5,6]. 
Currently, there is no treatment for spinal cord injury and 
the rate of spontaneous neurogenesis is very low in the 
patients [6,7].

Cell therapy is a new approach to neurodegenerative 
diseases exploring the utility of neural stem cells present 
in adult and fetus central nervous system (CNS) where 
they are capable of differentiating to three neural lineages 
cells including neurons, oligodendrocytes and astrocytes 
[8-10]. The neural stem cells are usually described as 
undifferentiated cells with the ability to self renewal and 
capacity to proliferate and produce new nervous tissue 
[11]. Also the neural stem cells might have neuroprotec-
tive effects and reduce inflammation via peroxisome-
proliferator-activated receptor [12] and secrete necessary 
cytokines and express characteristic integrins [11,13]. 

Therefore, due to the neural stem cells properties men-
tioned above, such cells could be an appropriate choice for 
cell therapy in spinal cord injury model. Banerjee et al. [14] 
in 2009, demonstrated that an elastic modulus of alginate 
three-dimensional (3D) which was comparable to brain 
tissue elasticity could enhance the neural differentiation 
of neural stem cells. An alginate scaffold could increase 
neural differentiation of the other stem cells type such as 
induced pluripotent stem cells [15].

In this study, we decided to investigate the effects of 
transplantation of alginate encapsulated neural stem cells 
on spinal cord injury in a spinal cord injury model in rats 
and compare it with effects of 2D cultured neural stem 
cells post transplantation.

Materials and Methods

1. Experimental design

Sixty Sprague-Dawley male rats weighting 250–300 g were  
randomly selected for this study and they were divided 
to four groups (n=15) as below: (1) Control group: this 
group received no intervention and no treatment. (2) 
Sham group: spinal cord injury was induced in this group 
with no subsequent treatment given. (3) Neural stem cell 

transplantation group: this group received neural stem 
cells locally 1 day after spinal cord injury. (4) Alginate 
encapsulated neural stem cells transplantation: this group 
received neural stem cells cultured in alginate scaffold 1 
day after spinal cord injury.

2. Animal preparation

All procedures in this study were approved by Shiraz Uni-
versity of Medical Sciences Ethical Committee.

The animals had free access to water and food.

3. Isolation and expansion of neural stem cells

The neural stem cells were isolated from the ganglion  
eminence of a 14-day embryo of Sprague-Dawley rat. 
Briefly, the ganglion eminence of a rat embryo was dis-
sected and after pipetting the neural stem cells into cul-
ture media (DMEM/F12, B27 2%, basic fibroblast growth 
factor 10 ng/mL, endothelial growth factor 20 ng/mL and 
penicillin/streptomycin at 1%), they were transferred to 
T-25 cm2 flasks and incubated in a humidified 37°C, 5% 
CO2 incubator for 5 days, after which spheres had formed 
in the media which have been referred to as neurospheres. 
The neurospheres were passaged by adding and washing 
off trypsin to 0.05% (catalogue number 07910; Stem Cell 
Tech, Vancouver, BC, Canada) and they were cultured in 
two culture flasks.

4. Characterization of cultured neural stem cells

For confirming the stemness of the isolated cells, their ca-
pability to differentiate to three neural lineages (neurons, 
oligodendrocytes and astrocytes) need to be determined. 
For differentiating the isolated cells, 5% fetal bovine se-
rum was added to the culture media. After 3 days, the 
neural stem cells differentiated to three neural cell types as 
was assessed with immunocytochemistry of microtubule-
associated protein 2 (MAP-2) for detecting neurons and 
glial fibrillary acidic protein (GFAP) for astrocytes (the 
method described below).

5. Immunocytochemistry for neural stem cells

To assess the differentiation of neural stem cells to neu-
rons and astrocytes the immunocytochemistry was per-
formed with MAP-2 antibody (for detecting neurons) and 
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GFAP (for detecting astrocytes). Briefly, the cells were 
fixed with paraformaldehyde 4% at 4°C for 20 minutes, 
followed by washing with phosphate buffer saline (PBS).
The primary antibodies for MAP-2 (Abcam, Cambridge, 
UK; ab5392 1:1000) and GFAP (DAKO, Glostrup, Den-
mark; catalogue number Z0334 1:700) in 5% goat serum 
and 0.01% Triton-X100 were added and the cells were 
kept at room temperature for 1 hour. The primary anti-
bodies were then removed and the cells were twice washed 
with PBS and the secondary antibodies were added for 1 
hour in room temperature. For final step, the cells were 
washed three times with PBS and after that visualized and 
photographed under a fluorescent microscope (model 
Nikon X66; Nikon, Tokyo, Japan).

6. 4', 6-diamino-2-phenylindole dihydrochloride staining

For detecting cell nuclei, the cells were fixed with para-
formaldehyde 4% at 4°C for 20 minutes. After that the 4', 
6-Diamino-2-phenylindole dihydrochloride (DAPI) (Mil-
lipore, Billerica, MA, USA; catalogue number 124653) 
was added (1:1,000) and the cells were kept for 30 minutes 
at room temperature.

7. Neural stem cell culture in alginate scaffold

Neural stem cells were cultured in alginate (Sigma-
Aldrich, St. Louis, MO, USA) scaffold for 7 days at a con-
centration of 4,000 cells/well. The sterile sodium alginate 
was dissolved in DMEM/F12 (alginate concentration 
0.25%) and resuspended with 4,000 cells in 40 µL. The so-
lution was then transferred to 96-well plates and 100 µL of 
chilled CaCl2 (Sigma-Aldrich) at 10 mM was added, and 
the cells were kept on ice for 10 minutes. Subsequently, 50 
µL of the suspension were removed and the neural stem 
cells culture media and laminin at 5 µg/mL was added to 
each well. For releasing the encapsulated neural stem cells, 
the scaffold was washed with PBS and a solution contain-
ing 15 mM sodium citrate and 150 m MNaCl (Sigma-
Aldrich) was added and the cells were incubated in 37°C 
for 1 hour [14]. 

8. Neural stem cell transplantation

The cultured neural stem cells were resuspended in com-
plete media at a concentration of 106 cells/100 μL. Each 
rat received 10 µL of the mentioned suspension (105 cells) 

that was injected by a Hamilton syringe (Sigma-Aldrich) 
in 20 minutes [16]. 100,000 cells cultured in the 3D scaf-
fold were transplanted to the intra-lesion 1 day after the 
spinal cord injury.

9. Surgical intervention

The aneurysm clip model of spinal cord injury was used 
in this study. With the animals under general anesthesia 
with halothane and O2/ NO2 mixture (1:1), a midline inci-
sion in the level of T4–T9 was made and the connective 
tissues were dissected and laminectomy was performed 
in the area of T6–T8. The rats received the clip at 23 g for 
1 minute at the level of T7 to induce spinal cord injury. 
After 1 minute the wounds were sutured and the rats were 
kept at temperature of 27°C and their bladders were ex-
pressed manually three times a day [17].  

10. ‌�Basso, Beattie, and Bresnahan open-field locomo-
tion scoring

For examining the rats’ motor performance the Basso, 
Beattie, and Bresnahan (BBB) scoring was used twice 
a week for each rat by an examiner blinded to the rat’s 
treatment. The BBB score (with a scale of 0 to 21) was 
used to evaluate the hind-limb locomotors recovery con-
taining joint movement, stepping ability, trunk stability 
and coordination. A score of 21 indicated no impair-
ment as seen in uninjured rats [18]. The BBB test was 
performed twice a week for 12 weeks. The BBB score for 
the rats after the inducing spinal cord injury model was 
8.22±0.36 (mean±standard deviation [SD]).

11. Histology study

For assessing the necrosis area due to spinal cord injury 
the cryosections of spinal cord were provided and stained 
with hematoxylin and eosin. The section intervals were 2 
mm from dorsal to ventral sides. Each section thickness 
was 20 µm. The cells with swelling, pyknosis and karyor-
rhexis nucleus and disrupted cell membrane were marked 
as necrotic cells. To assess damage quantitatively, the sec-
tions were scored from 0 to 3 by a reviewer blinded to the 
experiment; the presence and intensity of inflammatory 
cell infiltration, neuronal vacuolation, and hemorrhage 
was also noted (0 was with no evidence and 3 was for a 
severe infiltration) [19].
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12. ‌�Apoptosis evaluation with measurement of caspase-3 
activity

Activation of ICE family proteases/caspases begins the 
pathway of apoptosis in mammalian cells. The apoptosis 
detection assay used was based on the spectrophotomet-
ric detection of chromophore p-nitroaniline (p-NA) after 
cleavage of the labeled substrate DEVD-p-NA. The p-NA 
light emission could be measured at 400–405 nm by a 
spectrophotometer. The activation of caspase-3 was as-
sessed 3 days after spinal cord injury. For this evaluation 
the caspase-3 assay kit from Abcam Company was used 
(Abcam; cat numberab39401).

13. Statistical analysis

All data was reported as mean±SD in this study and they 
were analyzed with one-way analysis of variance test with 
Graph Pad Prism 6.00 (GraphPad, La Jolla, CA, USA). 
The significant difference was set at p-value<0.05.

Results

1. ‌�Isolation and characterization of rat embryo neural 
stem cells

The isolated neural stem cells were cultured as previously 
described in complete culture media. They formed sphere 
like cells termed neurospheres after 5 days and also they 
had a round shape in the alginate 3D culture (Figs. 1, 2).

The cultured neural stem cells differentiated to three 

neural lineages 48 hours after adding the fetal bovine se-
rum to the culture medium and they presented different 
morphologies due to different cell production (neurons, 
astrocytes and oligodendrocytes) (Fig. 3).

The neural stem cells differentiation to neurons and 
astrocytes was assessed by immunocytochemistry with 
MAP-2 and GFAP staining. For MAP-2 (a neuronal mark-
er), 10.46%±3.94% of cells were positive and for GFAP (an 
astrocyte marker), 89.49%±7.40% of cells were positive 
(Fig. 4).

2. Locomotor recovery assessment by BBB scores

The rats’ motor recovery was assessed by BBB scoring. The 
BBB score for the sham group was 8.85±1.21 (mean±SD), 

Fig. 1. Neural stem cell culture and neurospheres formation (×10). 

Fig. 2. Neural stem cell culture in alginate scaffold (×40). 

Fig. 3. Neural stem cell differentiation to three neural lineages (×10). 
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for the NSCs transplantation group was 11.97±3.36 and 
for NSCs cultured in alginate was 15.13±3.88 (Fig. 5). 
There was a significant difference between each two 
groups (p<0.05). The data indicated that the recovery in 
the group which received NSCs cultured in alginate had 
better recovery than the other two groups.

3. Histology

The histology study was based on quantitative scoring as 
previously described (0–3 scores) [18]. The histology score 
for the sham group was 2.43±0.26, for NSCs transplanted 
group it was 1.26±0.24 and for NSCs cultured in alginate 

was 0.53±0.21. There was a significant difference forthe 
groups which received NSCs cultured in alginate having 
a better histology outcome compared to two other groups 
which matched the better mobility outcome (p<0.05). 
Also the NSCs transplanted group had better histological 
readings than the sham group (p<0.05) (Fig. 6).

4. Apoptosis evaluation by assessing caspase-3 activity

A higher activity of caspase-3 indicates more apoptosis. 
The data represents that both groups which received NSCs 
had less apoptosis than the sham group (p-value less than 
0.05) and the group that received NSCs cultured in alginate 

Fig. 5. Basso, Beattie, and Bresnahan (BBB) score. NSCs, neural stem cells.
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had the least amount of apoptosis compared to the sham 
group and the NSCs transplantation group (Fig. 7).

Discussion

This study presents that cell therapy with neural stem cells 
could be beneficial for recovery after a spinal cord injury 
and also that the transplantation of neural stem cells cul-
tured in an alginate scaffold could increase the level of 
recovery.

Khosravizade et al. [20] showed that the alginate scaf-
fold could enhance neural differentiation of mesenchymal 

stem cells. Also, Bozza et al. [15] demonstrated that algi-
nate scaffold could promote the neural fates of induced 
pluripotent stem cells in a three-dimensional culture. In 
addition, Banerjee et al. [14] indicated that the three-
dimensional culture of neural stem cells in alginate scaf-
fold improved neural differentiation and neural marker 
(β-tubulin ІІІ) expression by neural stem cells. Our previ-
ous study showed that the alginate scaffold could provide 
a microenvironment to differentiate stem cells to motor 
neurons [21]. In this study, the data shows that the en-
capsulated neural stem cells in alginate scaffold could be 
more capable of regeneration in comparison to the two-
dimensional culture of neural stem cells and this capabil-
ity could be seen in neurological outcome improvement 
and also a lower lesion volume from a histological study.

This study has shown that transplantation of alginate 
encapsulation of neural stem cells could make the apopto-
sis of spinal cells less severe and also in histological study 
there was less inflammation in the groups which received 
neural stem cells as a cell therapy. However, these anti-
apoptotic and anti-inflammatory effects could be seen to a 
significantly higher extent with the alginate encapsulated 
cells. These protective effects form the neural stem cells 
could be due to the induction of pathogenic apoptosis 
in Th1 and Th17 T cells [22], and this apoptotic induc-
tion might be stronger from alginate encapsulated neural 
stem cells. Also Kim et al. [23] postulated that the anti-
inflammatory effects of neural stem cells could be because 
of reducing  interleukin 1β (IL-1β) secretion (as a pro-
inflammatory cytokine) and increasing secretion of IL-10 
(as an anti-inflammatory cytokine).

The mechanisms mentioned above have been reported 
for two-dimensionally cultured neural stem cells but in 
this study we have shown that the recovery from spinal 
cord injury was significantly higher for transplanted of al-
ginate encapsulated neural stem cells. This may be because 
of a higher activity of these mechanisms, although there is 
a need for more investigation in this area in exploring the 
mechanisms involved.

Conclusions

Cell therapy with neural stem cells could be an appropri-
ate approach for treating spinal cord injury and their cul-
ture in alginate 3D scaffold could enhance recovery after 
transplantation.
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