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INTRODUCTION  
 

Recently, the incidence of spinal cord injury (SCI) 

has been increasing each year. Currently, there are 

more than three million patients with SCI in the 

United States, and the rate is currently increasing by 

17,000 individuals per year [1]. In recent years, 

emerging data have suggested that cell-

transplantation therapies represent a potentially 

effective therapeutic intervention for SCI by 

repairing and regenerating injured neurons [2, 3]. 

There are currently many candidate cell types for 

transplantation, among which neural stem cells 

(NSCs) and olfactory ensheathing cells (OECs) are 

two of the most promising cell types [4]. 

 

Despite recent progress in promoting regeneration of the 

spinal cord through transplantation of different NSC types 

after SCI [5], the degree of functional recovery has been 

limited. There are still many factors that influence the 

effects of NSC transplantation. One of these parameters is 

the hostile microenvironment of the injured spinal cord, 

which is not permissive for grafted NSCs [6]. After SCI, 

ischemia, hypoxia, and accumulation of inflammatory 
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ABSTRACT 
 

Transplantation of neural stem cells (NSCs) is one of the most promising treatments for spinal cord injury (SCI). 
However, the limited survival of transplanted NSCs reduces their therapeutic effects. The aim of the present 
study was to examine whether a co-transplantation of olfactory ensheathing cells (OECs) may enhance the 
survival of NSCs and improve the beneficial effects of NSCs in rats with SCI, as well as to investigate potential 
mechanisms underlying such efficacies. Co-transplantation of OECs and NSCs was used to treat rats with SCI. 
Sympathetic nerve function was determined by measuring sympathetic skin responses. The results showed that 
OEC/NSC co-transplantation improved motor function and autonomic nerve function in rats with SCI. Co-
transplantation of OECs promoted NSC-induced neuroprotection and inhibited programmed necrosis of NSCs, 
which was mediated by receptor-interacting protein kinase 3 (RIP3) and mixed lineage kinase domain-like 
protein (MLKL). Furthermore, OECs increased the proliferation and differentiation of NSCs in vitro, and 
improved the survival rate of NSCs in vivo. Taken together, we conclude that transplantation of OECs inhibited 
programmed necrosis of co-transplanted NSCs to promote therapeutic effects on SCI. Therefore, co-
transplantation of OECs and NSCs may represent a promising strategy for treating patients with SCI. 
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factors in the local microenvironment lead to the death of 

transplanted cells. Programmed necrosis, also known as 

necroptosis, has recently been identified as another type of 

programmed cell death. In particular, necroptosis is 

involved in the pathophysiology of diseases and trauma 

within the central nervous system and can occur in 

various cells within damaged neural tissue after SCI, 

including neurons, astrocytes, and oligodendrocytes [7]. 

In the current study, we demonstrated that receptor-

interacting protein kinase 3 (RIP3) and mixed lineage 

kinase domain-like protein (MLKL), which are critical 

mediators of necroptosis [8], were upregulated in the SCI 

microenvironment and reduced the survival rate of 

transplanted cells. In order to solve this problem and 

improve the therapeutic effects of transplanted NSCs, a 

feasible strategy may be to select a neuroprotective cell 

and transplant it in combination with NSCs. 

 

Our previous studies have shown that transplantation of 

OECs can promote sensorimotor and autonomic nerve 

recovery and reduce neuropathic pain after SCI [9, 10]. 

OECs, a special type of glial cell, exhibit characteristics 

of both astrocytes and Schwann cells and are capable of 

secreting large amounts of neurotrophic factors [11, 12]. 

These characteristics have been shown to help establish 

an amenable microenvironment [13ï15] for the growth 

of injured axons and for promoting axons to reach their 

targets [16, 17]. Multiple studies have suggested that 

co-transplantation of NSCs and OECs may exert 

synergistic effects in promoting neural regeneration and 

improving recovery of locomotor function [18, 19]. 

Since this strategy has potential to improve the SCI 

microenvironment and yield improved therapeutic 

effects, we hypothesized that OECs may support the 

survival of NSCs and enhance the efficacy of NSC 

transplantation in the treatment of SCI. 

 

In the present study, we investigated the effects of co-

transplantation of NSCs and OECs on sympathetic 

function following SCI and used sympathetic skin 

responses (SSRs) to assess sympathetic neural function 

in Sprague-Dawley rats. Collectively, our findings 

reveal novel strategies for co-transplantation of NSCs 

and OECs to ameliorate SCI and elucidate its under-

lying mechanisms. 

 

RESULTS 
 

Culturing and identification of OECs and NSCs 

 

After 24 h in culture, single cells were round, 

transparent, and adherent; proliferating cells were 

observed after 48 h in culture. The cells were mainly 

bipolar and multipolar, with large cell bodies and 

oblong nuclei. After 5ï7 days in culture, the number of 

OECs was increased and the cell bodies had many 

protuberances. Additionally, their protuberances 

became longer and all cells assumed clone-like growth, 

during which they spread to the periphery. After 12 

days in culture, the cell density continued to increase 

and was arranged in a palisade (Figure 1A, 1E). 

Immunofluorescent staining showed that the OECs were 

double-positive for nerve growth factor receptor p75 

(P75) (Figure 1Bï1D) and S100 beta (Figure 1Fï1H).  

 

Primary NSCs were cultured for seven days, after which 

the cells were aggregated into suspended spheres for 

growth. These cells had a regular spherical shape with a 

dark center and bright edges (Figure 1I, 1M). 

Immunofluorescent staining of these cells was then 

performed using a nestin antibody. The neurospheres 

were positive for nestin, suggesting that they were 

NSCs (Figure 1Jï1L, 1Nï1P). 

 

OECs promote NSC survival in the SCI 

microenvironment 

 

First, to investigate the effect of OECs on NSC 

proliferation, we cultured NSCs with OEC serum-free 

conditioned medium (OEC-CM) or OEC suspensions to 

observe their growth; for the vehicle group, complete 

culture medium of NSCs was used. Proliferation levels 

were measured by MTT assays. The results showed that 

either OEC suspensions or OEC-CM significantly 

promoted increased NSC proliferation compared with that 

of the vehicle group (P < 0.01). Moreover, the effect of 

OEC suspensions on NSC proliferation was significantly 

greater than that of OEC-CM (P < 0.01) (Figure 2A, 2B). 

 

Next, we investigated the effects of the SCI 

microenvironment on the survival of NSCs and whether 

OECs could improve NSC survival in this micro-

environment. NSC cultures were treated with 

homogenate (100 ɛg/mL) from the injured (SCI-h) or 

naïve (naïve-h) spinal cord and OECs (SCI-h+OECs or 

naïve-h+OECs) were also added to these cultures for 

seven days. The morphologies of the cells were observed 

under an inverted microscope every other day (Figure 

2C). We found that NSCs cultured with naïve-h 

homogenate aggregated into suspended cellular spheres 

for growth.  After seven days in culture, both the number 

and volume of cellular spheres increased, but the cells did 

not differentiate. However, the proliferation of NSCs in 

the SCI-h group was slowed compared to that in the 

naïve-h group, and the number and diameter of clone 

pellets were not significantly increased after five days of 

culture. After co-culturing with OECs for one day, all the 

cells adhered to the wall and formed a network with long 

protuberances, and this continued until the fifth day. 
MTT assays showed that NSC proliferation in the SCI-h 

group was significantly inhibited compared with that in 

the naïve-h group; in contrast, the number of cells in the 
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SCI-h+OEC group was increased significantly compared 

with that of the other groups (Figure 2D). 

 

Furthermore, we observed and quantified the survival of 

transplanted NSCs in vivo. We infected NSCs with a 

lentivirus labeled with red fluorescent protein (RFP) 

and transplanted them into the spinal cord of T10 SCI 

rats. The results showed that the number of RFP-

positive cells in the OEC+NSC group was increased and 

the average area of RFP-positive cells was larger than 

that in the NSC group (Figure 2E, 2F). 

 

OECs inhibit RIP3/MLKL -mediated necroptosis of 

NSCs 

 

To determine whether OECs can inhibit necroptosis of 

NSCs induced by the SCI microenvironment, we treated 

NSCs with SCI-h or naïve-h, as well as with OECs, for 

seven days. Protein levels of nestin, MLKL, and RIP3 

were assessed via Western blotting. As shown in Figure 

3A, compared with those in the naïve-h group, RIP3 

and MLKL levels were increased while nestin was 

reduced in the SCI-h group, which indicated activation 

of necroptosis in the SCI microenvironment and death 

of NSCs. Moreover, the expression levels of RIP3 and 

MLKL were significantly down-regulated when NSCs 

were treated with OECs (Figure 3A). To further 

elucidate changes in NSCs within the spinal cord 

following SCI, we transplanted OECs and/or NSCs into 

SCI rats and subsequently measured protein levels of 

RIP3, MLKL, and neurofilament 200 (NF200) via 

Western blotting (Figure 3B). Two weeks after 

transplantation, RIP3 and MLKL protein levels in the 

control group (i.e., incubated only in Dulbeccoôs

 

 
 

Figure 1. Identification of OECs and NSCs: (AςH): Phenotypic characterization of OECs: The appearance of OECs observed by phase-contrast 
ƳƛŎǊƻǎŎƻǇȅ όŀΥ ǎŎŀƭŜ ōŀǊΥ млл ˃ƳΣ ŜΥ ǎŎŀƭŜ ōŀǊΥ рл ˃ƳύΦ LƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴǘ ǎǘŀƛƴƛƴƎ ǎƘƻǿŜŘ tтр-positive cells (BςDύΥ ǎŎŀƭŜ ōŀǊΥ млл ˃Ƴύ ŀƴŘ 
S100-positive cells (FςH): ǎŎŀƭŜ ōŀǊΥ млл ˃ƳύΣ ǿƘƛŎƘ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ǘƘŜǎŜ ŎŜƭƭǎ ǿŜǊŜ h9/ǎΦ όIςP): Phenotypic characterization of NSCs: The 
appearance of NSCs observed by phase-ŎƻƴǘǊŀǎǘ ƳƛŎǊƻǎŎƻǇȅ όƛΥ ǎŎŀƭŜ ōŀǊΥ млл ˃ƳΣ ƳΥ ǎŎŀƭŜ ōŀǊΥ рл ˃ƳύΦ LƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴǘ ǎǘŀƛƴƛƴƎ ƻŦ b{/ǎ 
using nestin antibody (FςHύΥ ǎŎŀƭŜ ōŀǊΥ млл ˃ƳύΦ ¢ƘŜ ƴŜǳǊƻǎǇƘŜǊŜǎ ǿŜǊŜ ǇƻǎƛǘƛǾŜ ŦƻǊ ƴŜǎǘƛƴΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜȅ ǿŜǊŜ b{/ǎΦ {ƛƴƎƭŜ-cell 
immunofluorescent staining of NSCs expressing nestin (NςHύΥ ǎŎŀƭŜ ōŀǊΥ млл ˃ƳύΦ ¢ƘŜ ǇǳǊƛǘȅ ƻŦ b{/ ŎŜƭƭǎ ǿŀǎ ŜǾŀƭǳŀǘŜŘ ōȅ ǘƘe percentages of 
nestin-positive cells and DAPI-positive cells. 
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Figure 2. OECs promote NSC survival in the SCI microenvironment. (A) In vitro, the morphologies of the cells were observed under an 

ƛƴǾŜǊǘŜŘ ƳƛŎǊƻǎŎƻǇŜΦ {ŎŀƭŜ ōŀǊΥ млл ˃ƳΤ όB) The proliferation rates of NSCs assessed via MTT assays (mean ± SEM; two-way ANOVA, error 
bar: 95% CI). (C) Effects of OECs on NSC proliferation under SCI coƴŘƛǘƛƻƴǎ ƻōǎŜǊǾŜŘ ǳƴŘŜǊ ŀƴ ƛƴǾŜǊǘŜŘ ƳƛŎǊƻǎŎƻǇŜΦ {ŎŀƭŜ ōŀǊΥ млл ˃ƳΤ όD) The 
proliferation rates of NSCs assessed via MTT assays (mean ± SEM; two-way ANOVA, error bar: 95% CI). (E) In vivo, the survival of NSCs in 
different groups: (AςC) NSC transplantation alone, where RFP-ǇƻǎƛǘƛǾŜ ŎŜƭƭǎ ǿŜǊŜ b{/ǎΦ {ŎŀƭŜ ōŀǊΥ млл ˃ƳΦ όDςF) Transplantation of NSCs and 
h9/ǎΦ {ŎŀƭŜ ōŀǊΥ млл ˃ƳΦ όF) Quantification of the survival of RFP+ cells at two weeks after transplantation (means ± SEM, n=6; P<0.05, one-
way ANOVA). 
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Figure 3. Western-blot analysis reveals that OECs downregulate the expression of RIP3 and MLKL and inhibit SCI-induced 
increases of RIP3 and MLKL. (A) In-vitro Western-blotting analysis showed that SCI induced upregulated expression of RIP3 and MLKL, and 

that OECs counteracted these changes to protect NSCs. (a) The protein expression level evaluated via Western blotting. (bςd) Data presented 
are expressed as the ƳŜŀƴ ҕ {9a όƴ Ґ сΤ ƻƴŜ-way ANOVA, post-hoc test: Dunn-Bonferroni; error bar: 95% CI; #P>0.05 and except for # in the 
figure; P values were all less than 0.05). (B) Two weeks after transplantation, protein levels of NF200, RIP3, and MLKL showed that OECs 
suppressed RIP3/MLKL-mediated necroptosis and protected NSCs. (a) The expression levels of NF200, RIP3, and MLKL were detected by 
Western blotting. (bςdύ 5ŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ǘƘŜ ƳŜŀƴ ҕ {9a όƴ Ґ сΤ ƻƴŜ-way ANOVA, post-hoc test: Dunn-Bonferroni; error bar: 
95% CI; #P>0.05, except for the # in the figure; P values were all less than 0.05). 
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modified eagle medium [DMEM]) were still increased, 

indicating that necroptosis continued beyond two weeks 

after injury. Compared with those in the DMEM group 

and NSC group, the expression levels of RIP3 and 

MLKL were significantly lower in the OEC group  

and OEC+NSC group, which showed that OEC 

transplantation inhibited SCI-induced necroptosis. 

Compared with that in the NSC group, NF200 

expression was significantly increased in the OEC+NSC 

group, suggesting that OECs played a neuroprotective 

role by inhibiting RIP3/MLKL -mediated necroptosis. 

 

Morphological changes in SCI rats after cell 

transplantation 

 

Hematoxylin and eosin (HE) staining showed that the 

morphological structure of the sham group was intact, 

with well-demarcated gray and white matter, 

homogeneous neuronal distributions, well-arranged 

nerve fibers and intercellular structures, and well-

defined nuclei (via Nissl staining). At one week after 

SCI, the structure of gray and white matter was not 

integrated, vacuoles and vesicles were found in the 

injured area, axons were disordered, and neurons were 

missing. Nissl staining showed a decrease in the number 

of neurons within gray matter. In the OEC+NSC group, 

HE staining showed reduced syringomyelia and Nissl 

staining showed an increased number of neurons 

compared to these parameters in the DMEM group 

(Figure 4). Collectively, these results indicate that 

OEC/NSC co-transplantation reduced the formation of 

scar tissue and loss of neurons, and protected against 

tissue damage. 

 

Locomotor function in SCI rats after cell 

transplantation 

 

To determine the therapeutic effects of cell transplantation, 

we used scores from the Basso, Beattie, and Bresnahan 

(BBB) 21-point open-field locomotor rating scale to 

evaluate motor function (Table 1, Figure 5). All rats 

attained a BBB score of 21 before the injury was induced, 

and no significant differences were observed between the 

five groups at this time. In contrast, BBB scores were 

reduced to 0ï1 immediately after induction of SCI in the 

four groups receiving SCI, whereas BBB scores in the 

sham group remained stable. After cell transplantation, the 

BBB scores of each treatment SCI group increased over 

time, and the OEC+NSC group showed the most 

significant improvement among these groups. Compared 

with those of the DMEM group (0.7±0.73), BBB scores in 

all cell-transplantation groups were significantly improved 

at one week after transplantations (P=0.000). Compared 
with those in the NSC group (1.9±0.69), BBB scores were 

significantly improved the OEC group (2.85±0.93, 

P=0.000) and OEC+NSC group (2.95±1.10, P=0.000); in 

contrast, there was no significant difference in this 

parameter between the OEC group and the OEC+NSC 

group (P=1.000). At 2ï4 weeks after transplantation, the 

BBB scores of each group continued to improve. 

Compared with those of the NSC group (14.5±2.44), the 

BBB scores of the OEC group showed no statistical 

difference, they were not significantly different 

(14.55±2.70, P=0.000). However, the BBB scores of the 

OEC+NSC group (17.1±1.39) were significantly improved 

compared with those of the NSC group and OEC group 

(vs NSC group, P=0.006; vs OEC group, P=0.043). 

 

SSRs in rats 

 

Rats exhibit SSRs that can be determined by 

electromyography. The resulting SSR waveforms are 

similar to those observed in humans, consisting of a 

biphasic or triphasic wave (although the biphasic wave 

occurs most frequently). Generally, an SSR consists of a 

low-amplitude negative wave followed by a high-

amplitude positive wave. In our present study, when the 

median nerve was stimulated, SSRs were elicited from 

both the upper and lower limbs. There was no 

significant difference in the amplitudes or latencies 

between the two upper or lower limbs. However, there 

were significant differences in the latencies and 

amplitudes between the upper and lower limbs, which 

were similar when the tibial nerve was stimulated 

(Figure 6). 

 

Changes in SSRs in SCI rats after cell 

transplantation 

 

After SCI, the SSR ejection rate decreased (DMEM group: 

8/20, OEC group: 13/20, NSC group: 12/20, OEC+NSC 

group: 18/20). When SSRs were induced, their amplitudes 

were reduced and their latencies were prolonged following 

SCI (Figure 7). As can be seen from Table 2, changes 

caused by SCI in all the cell-transplantation groups were 

reduced after two weeks of treatment. There were no 

statistically significant differences in SSR parameters 

between the OEC (latency: 1810.72±942.96 ms; 

amplitude: 417.25Ñ164.82 ɛV) and NSC transplantation 

groups (latency: 1755.58±987.95 ms; amplitude: 

682.8Ñ367.84 ɛV), but there were significant differences 

in both the SSR latencies and amplitudes between the 

OEC+NSC group (latency: 651.62±108.08 ms, P=0.000; 

amplitude: 2077.66Ñ778.04 ɛV, P=0.000) and the single-

transplantation groups (Table 2, Figure 8). 

 

DISCUSSION 
 

The present study elucidated the following. First, the 

SCI microenvironment led to necroptosis of grafted 

NSCs via RIP3/MLKL, thus inhibiting their survival 

and therapeutic efficacy in the spinal cord. Second, 
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Figure 4. (A) Morphological changes at one week after SCI. (aïj) HE staining in each group. Scale bars: aïc 100 µm, fïj 50 µm. (kït) Nissl 
staining in each group. Scale bars: kïo 100 µm, pït 50 µm; (B) Quantitative analysis showed that the number of neurons in the OEC+NSC 
group was significantly increased in comparison with that in the DMEM group or NSC group. (mean ± SEM; one-way ANOVA, post-hoc test: 
Dunn-Bonferroni; error bar: 95% CI; *P<0.05, pairwise comparisons of other groups: P < 0.01). 
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Table 1. BBB scores. 

 sham DMEM  OEC NSC OEC+NSC 
1W 21±0.00 0.7±0.73 2.85±0.93 1.95±0.69 2.95±1.10 
2W 21±0.00 1.4±0.50 5.4±1.73 4.9±1.80 7.05±1.96 
3W 21±0.00 4.2±1.64 9.8±3.12 10.1±2.94 15.252.57 
4W 21±0.00 6.85±2.41 14.55±2.70 14.5±2.44 17.1±1.39 

One week after surgery, there was no statistically significant difference in BBB score between OEC 
group OEC+NSC group (P=1); 2W, there was no significant difference between the OEC group and the 
NSC group and the OEC+NSC group. At 3W and 4w, the difference between the OEC group and the 
NSC group was not statistically significant, and pairwise comparison between the other groups at all 4 
time points was statistically significant (p value < 0.01). 

transplanted OECs counteracted SCI-induced 

necroptosis, protecting co-transplanted NSCs and 

prolonging their intramedullary survival to promote 

nerve regeneration. Third, intraspinal transplantation of 

NSCs and OECs after SCI effectively mitigated 

autonomic neurological dysfunction. Fourth, we 

demonstrated that SSRs of SCI rats were elicitability 

decreased, and that remaining SSRs exhibited 

prolonged latencies and decreased amplitudes. Finally, 

we revealed that OEC/NSC co-transplantation not only 

improved motor function but also effectively alleviated 

autonomic nerve dysfunction. 

 

Previous studies have shown that RIP3 and MLKL 

levels are up-regulated within 24 hours after SCI, reach 

a peak within three days, and remain up-regulated for 

21 days [7]. Interestingly, the time course of this 

process is similar to that of secondary injury after SCI 

[20]. In the present study, we found that RIP3/MLKL 

levels and necroptosis were increased at two weeks after 

SCI. At this time after SCI, apoptosis has been shown to 

be rare [21], as it usually peaks at three days and nearly 

disappears by seven days after SCI. Hence, necrosis 

may play a more important role in secondary injury 

after SCI. 

 

Many studies have suggested that necroptosis can occur 

in various cells within the nervous system, including 

neurons, astrocytes, and oligodendrocytes [22]. 

However, little attention has been paid to whether 

necroptosis affects transplanted cells. Thus, in in the 

present study, we used SCI homogenates to simulate the 

SCI microenvironment in vitro. We found that SCI 

homogenates up-regulated the expression levels of RIP3 

and MLKL in naïve NSCs. This result suggests that the 

SCI microenvironment can cause necroptosis of 

uninjured cells. We also found that RIP3/MLKL- 

mediated necroptosis not only occurred in intrinsic cells

 

 
 

Figure 5. Comparison of BBB scores. (A) BBB scores for each group varied over time. Error bar: 95% CI. (B) BBB scores at four weeks after 
cell transplantations. (mean ± SEM; two-way ANOVA, post-hoc test: Dunn-Bonferroni; error bar: 95% CI; **P<0.01). 


