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Abstract 
The recent studies have showed neural stem cells (NSCs) transplantation promoted repair and 
functional recovery of chronic experimental allergic encephalomyelitis (EAE) animal model for MS 
based on the concept of cell replacement. In the present study, NSCs were transplantated into each 
lateral ventricle of rats at 10 days and sacrificed at 60 days after EAE immunization. We found that 
NSCs transplantation significantly reduced the clinical signs, suppressed brain inflammation and 
improved density of myelin. Transplanted NSCs differentiated into neurons and oligodendrocytes. 
Moreover, the number of endogenous neurons and oligodendrocytes in the rats treated with NSCs 
was significantly higher compared to the rats with saline. These results suggest an important 
neuroprotective role for NSCs that can potentially be exploited in cell-based therapeutic ap- 
proaches for EAE.   
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1. Introduction 
Multiple sclerosis (MS) is an autoimmune disease in the central nervous system (CNS) primarily affecting young 
adults, with a higher proportion of females [1] [2]. And MS is induced and mediated by myelin-reactive T cells 
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responses against myelin antigens that results in progressive functional deficits [3]. In MS, myelin-reactive T cells 
migrate from peripheral tissues into the CNS where they are reactivated, thereby triggering an inflammatory 
cascade that leads to extensive loss of myelin and myelinating cells (oligodendrocytes) as well as damage to axons 
and neurons [4] [5]. Neural stem cells (NSCs) are immature cells with abilities to renew themselves and give rise 
to various neural cell types [6]. Moreover, NSCs have myelinogenic potential in the injured areas [7] and can 
attenuate the inflammatory brain process [8]. Therefore, NSCs has been proposed as a means of cell replacement 
therapy for experimental allergic encephalomyelitis (EAE), an animal model of MS. Here, we transplanted NSCs 
into lateral ventricle of rats subjected to chronic EAE and showed that NSCs had a profound effect on disease 
progression. More importantly, treatment with NSCs influenced neural cell fate in EAE host animals, promoting 
proliferation of neurons and oligodendrocytes. Based on these observations, we propose that NSCs represent a 
powerful cell based therapy for EAE or MS. 

2. Materials and Methods 
2.1. Reagents and Instruments 
DMEM/F12 medium, basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), and N2 supplement 
were from Gibco, USA. 5-bromo-2′-deoxyuridine (BrdU), complete Freund’s adjuvant, Luxol fast blue (LFB) 
were from Sigma, USA. Mycobacterium tuberculosis H37Ra and bordetella pertusis toxin were from Shijiaz-
huang Weitian Scientific Instruments Equipment Co., Lid., China. Rabbit anti-microtubule-associated protein 2 
(MAP2) and mouse anti-BrdU were from Abcam, UK. Rabbit anti-Galactocerebroside (GalC) was from Che-
micon, USA. Goat anti-mouse IgG, goat anti-rabbit IgG, 5-Bromo-4-Chloro-3-Indolyl Phosphate/Nitroblue te-
trazolium chloride (BCIP/NBT), alkaline phosphatase (AP)-streptavidin, horseradish peroxidase (HRP)-strepta- 
vidin, diaminobenzidine (DAB) and 3-amino-9-ethylcarbazole (AEC) were from Wuhan Boster Biological 
Technology, China. Stereotactic device (Angle Two™ Stereotaxic Instrument w/Rat Atlas Product: #464601, 
USA).  

2.2. Preparation of NSCs 
The culture of NSCs was performed as described in previous study [9]. Briefly, the cell suspensions from the 
cerebral hemispheres of newborn Wistar rats (inbred strain, Animal House Center, Southwest Medical University, 
Sichuan, PR China) were placed in 25 ml flask at a density of 1 × 105 cells/ml in serum-free DMEM/F12 medium 
supplemented with 20 ng/ml of bFGF, EGF and 1% N2 supplement. After 5 - 7 days of culture, neurospheres were 
formed and assayed for nestin expression by immunohistochemical staining. For labeling the grafted cells in vivo, 
NSCs were pre-treated for 3 days before grafting with 10 µM of BrdU.   

2.3. EAE Induction and NSCs Transplantation  
All animal experiments were approved by the Chinese Academy of Sciences, PR China. EAE is induced in female 
Wistar rats by guinea pig spinal cord homogenate emulsified with complete Freund’s adjuvant. Briefly, Wistar rats 
(female, 6-8 week old, Southwest Medical University) were injected in four footpads with 100 mg of guinea pig 
spinal cord tissue in 0.4 ml of PBS emulsified with equal volume of CFA supplemented with 6 mg/ml of myco-
bacterium tuberculosis H37Ra. On the day of immunization and at day 2, 300 ng of bordetella pertusis toxin in 0.1 
ml PBS was injected subcutaneously. Rats were daily monitored for the severity of clinical disease. After immu-
nization, the following scale for clinical symptoms was utilized: 0. no clinical symptom; 1) limpness in tail; 2) 
hind-leg ataxia; 3) hind-leg paralysis; 4) Paraplegia; 5) moribund or dead. Higher neurological scores indicated 
more severe clinical symptoms. At ten days post-EAE induction, rats were anesthesized with intraperitoneal in-
jection of pentobarbital sodium (30 mg/kg) and then were fixed in a stereotactic device. Quantities of 5 × 105 
NSCs in a volume of 10 µl were injected once into each lateral ventricle (bregma as origin, AP = −0.8 to 1.0 mm, 
L or R = −1.8 to 2.0 mm, V = −4.0 to 5.0 mm). The control group experienced the same injection with 10 µl saline 
into each lateral ventricle.  

2.4. Histological and Immunohistochemical Assessment 
Animals were sacrificed with a lethal dose of pentobarbital sodium at day 60 post-EAE induction. Ten rats (5 per 
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group) were perfused by 4% paraformaldehyde for histopathological analysis. Histopathology and immunohis-
tochemistry were assessed in 6 μm thick paraffin sections at various levels (for bregma −0.2 to −1.6 mm). He-
matoxylin and eosin (H and E) staining was used to evaluate inflammatory infiltration. Sections were stained with 
hematoxylin for 5 min, rinsed with running water for 10 min and stained with 0.5% eosin for 30 seconds. Stained 
sections were then dehydrated in 95% alcohol and 100% alcohol, xylene transparency, and neutral gum mounting. 
10 nuclei or more gathered in cerebrum white matter or surrounded by a blood vessel was regarded as an infil-
tration lesion. To estimate the degree of inflammation, the number of infiltrates and the number of cells per in-
filtrate were counted. LFB staining was used to observe myelin sheath and the measurement parameter was the 
integrated optical density (IOD). Sections were incubated in 0.1% LFB dissolved in 95% ethanol and 0.05% 
acetic acid at 60˚C for 24 h. Stained sections were differentiated in 0.05% lithium carbonate for 10 sec and 70% 
ethanol for 10 sec, then dehydrated and mounted. 

BrdU immunohistochemistry staining was used to identify grafted cells in brain. Sections were incubated with 
mouse anti-BrdU (1:200) at 4˚C overnight, then goat anti-mouse IgG (1:100) was added at 37˚C for 30 min. After 
AP-streptavidin was incubated at 37˚C for 30 min, BCIP/NBT was used as a chromogen for 10 min. For 
double-labeling experiments, MAP2 and GalC were used to identify differentiated cells from grafted cells. Sec-
tions were incubated again with rabbit anti-MAP2 (1:100) and GalC (1:50) at 4˚C overnight, goat anti-rabbit IgG 
(1:100) was then incubated for 30 min. HRP-streptavidin was incubated for 30 min, followed by DAB or AEC for 
10 min as a chromogen. Immunohistochemistry controls were routinely performed with incubations in which 
primary antibodies were omitted. 

Myelin sheath was assessed as IOD in corpus callosum in 3 sections per animal by ImageJ 1.44 p software. The 
infiltrates in the corpus striatum were counted in sections per rats. And 3 fields/each striatum were imaged, so 6 
fields in bilateral striatum were imaged and counted. Immunopositive cells were counted in 6 fields situated 
within bilaterally striatum in 3 sections per animal. Measurement was made in a pre-defined field (0.6 mm × 0.6 
mm) by image-pro plus 6.0 software.  

2.5. Statistical Analysis 
All measured values were expressed as mean ± SD, and statistical analysis was performed using SPSS software 
(17.0). For the clinical scores, the multiple comparisons were done using two-way repeated measures ANOVA 
followed by Tukey’s post test for multiple pair-wise examinations. For the other histologicaland immunostain-
ing analysis, multiple comparisons were done using one-way ANOVA followed by Tukey’s post hoc test for 
multiple pair-wise examinations. Difference was considered significant at P < 0.05.  

3. Results 
3.1. Culture of NSCs 
The cells isolated from newborn rats cerebral hemispheres were proliferated into round floating spheres after 5 - 7 
days of culture (Figure 1(a)), which expressed the neuroepithelial cells specific markers nestin (Figure 1(b)). 

 

 
(a)                                            (b) 

Figure 1. The generation and characterization of NSCs in vitro. (a) Cultured neurospheres derived from cerebral 
tissue of newborn rats at culture of 7 d. (b) Immunocytochemical staining of nestin in neurospheres. Bar = 50 µm.    
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3.2. Attenuation of Clinical Symptoms Following NSCs Transplantation 
To evaluate the effects of NSCs on EAE rats, NSCs were transplanted into lateral ventricles before the onset of the 
disease (on day 10 after EAE induction). Disabilities appeared at 11 - 12 days after the initial EAE induction. As 
shown in Figure 2, the rats receiving NSCs had reduced clinical symptoms compared to the control rats (P < 0.05). 
Although the control rats showed improved clinical scores over time, there were apparent deficits at the end of the 
follow-up period (60 days post-EAE induction). The rats that received NSCs recovered their normal gait at 50 
days post-EAE induction. 

3.3. Attenuated Inflammation and More Myelin Sheath by NSCs Transplantation 
Inflammatory infiltrates and density of myelin sheath in brain of EAE rats were evaluated at 60 days after 
EAE-induction. The majority of infiltrates were located in the corpus striatum adjacent to fibers and the rats with 
saline showed more infiltrates than the rats with transplantation (P < 0.05) (Figures 3(a)-(c)), moreover, fewer 
cells in per infiltration were observed in rats NSCs compared with rats with saline(P < 0.05) (Figure 3(d)). The 
saline-injected rats showed sparse and thin myelin sheath (Figure 3(e)). NSCs transplantation significantly in-
creased the density of myelin sheath shown by stronger color intensity than did control rats (P < 0.05) (Figures 
3(f)-(g)). 

3.4. NSCs Transplantation Promoted the Proliferation of Neurons and Oligodendrocytes 
The transplanted cells were detected by BrdU-immunostaining in rats at 60 days after EAE-induction. The BrdU+ 
cells located predominantly in the inflamed areas (Figure 4(a) and Figure 4(b), solid arrow). The BrdU+ cells 
differentiated into neurons (Figure 4(a), arrowhead) and oligodendrocytes (Figure 4(b), arrowhead). To observe 
the effect of NSCs transplantation on the proliferation of endogenous neurons and oligodendrocytes, the number 
of MAP2+/BrdU− (Figure 4(a), dotted arrow) and GalC+/BrdU− (Figure 4(b), dotted arrow) cells in the NSCs 
group were counted, and the MAP2+ (Figure 4(c), dotted arrow) and GalC+ (Figure 4(d), dotted arrow) cells in 
the saline-injected group were also counted as controls. The number of endogenous neurons and oligodendro-
cytes per mm2 in rats with NSCs was significantly higher than that in rats with saline (P <0.05, Figure 4(e)). 
Therefore, NSCs transplantation not only added exogenous neurons and oligodendrocytes by differentiation, but 
also promotes the proliferation of endogenous neurons and oligodendrocytes. 

4. Discussion 
Our study showed that grafting NSCs into rats subjected to EAE significantly improved function compared with 
control group. More myelin sheath and fewer inflammatory infiltrations were observed in NSCs group. Trans-
planted NSCs differentiated into neurons and oligodendrocytes. And more endogenous neurons and oligoden-
drocytes were observed in the NSCs group than those in the saline-injected group. 

Studies have reported that NSCs transplantation could reduce the number of EAE-induced peripheral and 
CNS immune cells, and promote clinical improvement [10]-[12]. Injected subcutaneously NSCs migrated into 
lymph nodes of EAE mice where they hampered the activation of myeloid dendritic cells and steadily restrained  

 

 
Figure 2. The improvement of clinical symptoms after NSCs transplantation (mean ± SD, n = 
5). * P < 0.05 versus control group.                                               
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Figure 3. Attenuated inflammation and more myelin sheath after NSCs transplantationin. (a), (b) HE staining showed in-
flammatory infiltrates of the cerebral parenchyma in control and NSCs groups, respectively. The control group showed much 
more infiltration with inflammatory cells. The NSCs transplanted groups displayed a reduction in the number and size of the 
inflammatory infiltrations; (c) Quantitative analysis of the number of infiltrations per mm2 (mean ± SD, n = 5), *P < 0.05 
versus control group; (d) Quantitative analysis of the number of cells per infiltration (mean ± SD, n = 5), *P < 0.05 versus 
control group; (e)-(f) LFB staining showed myelin sheath of the corpus callosum in control and NSCs groups respectively. 
Control group showed marked sparser and thinner myelin sheath compared with NSCs groups. (G) Quantitative analysis of 
LFB density (mean ± SD, n = 5). *P < 0.05 versus control group. Bar = 100 µm.                                      

 

 
Figure 4. Immunohistochemical double staining of BrdU, MAP2 and GFAP positive cells in the corpus striatum. (a) 
MAP2−/BrdU+ cells (solid arrow), MAP2+/BrdU− cells (dotted arrow) and MAP2+/BrdU+ cells (arrowhead) in NSCs group; 
(b) GalC−/BrdU+ positive cells (solid arrow), GalC+/BrdU− cells (dotted arrow) and GalC+/BrdU+ cells (arrowhead) in NSCs 
group; (c) MAP2+ cells (dotted arrow) in control group; (d) GalC+ cells (dotted arrow) in control group; (e) Quantitative 
analysis of the number of endogenous neurons and oligodendrocytes (mean ± SD, n = 5).* P < 0.05 versus control group. Bar = 
25 µm.                                                                                                 
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the expansion of encephalitogenic T cells, therefrom reducing immune cell mobilization from the periphery [12] 
[13]. Transplanted systemically NSCs entered perivascular CNS areas and subsequently induced apoptosis of 
blood-borne CNS-infiltrating encephalitogenic T cells [10] [14] [15]. Previous studies have showed that NSCs 
transplantation ameliorated the clinical symptoms and reduced tissue injury after EAE, which was related with 
reducing the number of perivascular infiltrates and of brain encephalitogenic T cells [8]. In this study, we 
showed a significant reduction in the number and size of inflammatory cell infiltrations in NSCs group than that 
in saline-injected group. These results indicate that NSCs effectively reduce infiltrating inflammatory cells, 
which may result in therapeutic efficacy on EAE.  

Inflammatory environment inevitable results in axonal degeneration and demyelination, which is correlated 
with chronic disability and brain atrophy in advanced MS [16]. Transplanted NSCs generated new neurons and 
oligodendrocyte lineage cells to replace lost or degenerative cells, as a result markedly promoting axonal rege-
neration and decreasing the extent of demyelination [11] [17]. The present results showed transplanted NSCs 
differentiated into new neurons and oligodendrocytes, and promoted the proliferation of endogenous neurons 
and oligodendrocytes, thus probably promoting axonal regeneration and remyelination, leading to clinical re-
covery.   

5. Conclusion 
In summary, we show here that NSCs grafting significantly promotes functional recovery in EAE rats, reducing 
brain inflammatory infiltrations, improving density of myelin, and increasing repopulation of neurons and oli-
godendrocytes. These effects suggest a therapeutic efficiency of NSCs-based therapy on chronic EAE, thus 
probably providing a promising approach to therapy EAE or MS. 
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