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Abstract: Schwann cell is one of the most widely studied cell types for repair of the spinal cord. Following the spinal 
cord injury (SCI). For transplantation, large numbers of Schwann cells are necessary to fill injury-induced cystic cavi-
ties. Lithium chloride could exhibit neuroprotection after SCI, however, the molecular mechanism of which remains 
unknown. This study demonstrated that lithium chloride exhibited neuroprotective effects on survival and prolif-
eration of cultured SCs in vitro and in vivo of a SCI model via activating the Wnt/β-catenin signaling pathway. We 
constructed the Dominant-activeβ-cantenin-GFP tet-off lentivirus and obtained the Wnt signaling activated SCs in 
vitro. Then transplanted them to explore the effect on long-term survival, proliferation and regeneration of axons in 
the injured spinal cord of mice. Results showed that primary cultured SCs treated with lithium chloride significantly 
up-regulated the expression of β-catenin and decreased the β-catenin phosphorylation (p-β-catenin), improved the 
survival and proliferation of cultured SCs, and increased the axonal growth of dorsal root ganglion (DRG) in vitro; 
moreover, the same protective effects were also obtained with SCs transplantation after SCI in vivo. 
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Introduction

Schwann cells (SCs) are dynamic participants 
in peripheral nerve function and repair, and 
have been widely studied as a therapy for cen-
tral nervous system (CNS) injury. In the spinal 
cord injury (SCI) research, SCs have been stud-
ied in various contexts ranging from peripher- 
al neuronal transplantation [1, 2], SC-seeded 
channel engraftment [3, 4] to cell suspension 
injection into or adjacent to the site of injury. 
Hormonal therapy combined with SC transplan-
tation has also been reported [5, 6]. The poten-
tial benefits of SCs in the injured spinal cord are 
many [7]; nonetheless, key limitations to SC 
transplantation as a single therapy for SCI per-
sist. Approximately 80% of transplanted cells 
die by necrosis and apoptosis by the end of the 
first week after transplantation [8]. SCs can 
support considerable growth of propriospinal 

neurons and axons of other origin [9], however, 
these fibers fail to survive and go through the 
lesion site area after transplantation into the 
host tissue. Adding a neuroprotective treat-
ment prior to SC transplantation may enhance 
its survival and repair for spinal cord injury. 

Lithium is a well-recognized direct inhibitor of 
the kinase activity of glycogen synthase kinase 
(GSK)-3 β, of which the main function is to make 
β-catenin phosphorylated and was degraded 
after entering the ubiquitin proteasome sys-
tem. β-catenin is the key effector molecules of 
classical Wnt signaling pathway, and decides 
the activation of Wnt signaling pathway. Wnts 
are a family of glycoproteins that participate in 
neural development, axonal guidance, cell pro-
liferation, and neural cell survival [10, 11]. 
Several studies suggested that the Wnt/β-
catenin signaling pathway is activated after SCI 
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and promotes functional recovery [12-14]. In 
addition, the Wnt/β-catenin signaling path- 
way reportedly regulates apoptotic activity in 
several diseases, including acute respiratory 
distress syndrome and colorectal cancer [15, 
16]. Work performed in zebrafish embryos and 
in SC lines implicated Wnt/β-catenin signals in 
SC proliferation and apoptosis and as positive 
regulators of myelination [17-19]. The role of 
Wnt/β-catenin signal in the late stage of SC 
development is unclear.

In this study, we hypothesized that lithium ch- 
loride exerts neuroprotective effects on SCI by 
activating the Wnt/β-catenin signaling path-
way. We aimed to define the role of lithium chlo-
ride in SCs proliferation and survival in vitro, 
and its neuroprotective mechanism in SCI 
treatment.

The findings of this study may provide a nov- 
el mechanism by which lithium chloride exerts 
its protective effects on SCs survival and may 
be of potential therapeutic value in future treat-
ments of SCI.

Materials and methods

Cell lines

Schwann cells (SCs) were purified and expand-
ed as previously described [20]. In brief, SCs 
were harvested from sciatic nerves ligated KM 
mice provided by the animal experimental 
research center of The Fourth Military Medical 
University (Chongqing, China), followed by puri-
fication and expansion in culture for 7 days. The 
nerves were washed with PBS (0.01 M, ZSGB-
BIO, China) for 3 times, stripping the epineuri-
um tissue and cutting into pieces, digesting 
with 0.25% separation trypsin (Gibco, USA) at 
37°C. After centrifugation, cells were superna-
tant with Dulbecco’s modified Eagle Medium 
(DMEM) containing 10% FBS (Gibco, USA) and 
then plated onto 25 cm2 culture-flasks which 
were handled by 10 g/ml Laminin at 37°C for 2 
hours. Experiments were routinely performed 
using SCs collected at passages 3-5. Cultures 
were > 98% pure SCs upon collection for trans-
plantation [21]. 

Dominant-active β-cantenin-GFP tet-off con-
struction of lentiviral vector

SCs were infected with construction of Domi- 
nant-active β-cantenin-GFP tet-off lentivirus. 

The GFP infection group and the control gro- 
up were digested by 0.125% trypsin to make 
cellular suspension for cell sorting by flow cy- 
tometry. GFP positive and negative cells were 
collected and cultured in vitro, respectively. 
Purified cells were collected for transplantation 
into the spinal lesion cavity.

Detection of survival and proliferation of SCs

After the suspension of the sample was stain- 
ed with placental blue, the survival cells and 
dead cells were counted in 3 minutes. Each 
group of purified SCs was added 10 mol/L  
BrdU and incubated for 24 hours. BrdU incor- 
poration was determined by fluorescence 
microscopy in fixed cells. For this, the cells were 
fixed with 4% paraformaldehyde and process- 
ed for BrdU detection according to the manu-
facturer’s protocol. Additionally, SCs were 
labeled with S100 and nuclei were stained with 
Hoechst to reveal the total number of cells. 
Cultures were assayed in triplicate samples in 
each experimental condition.

DRG/SCs co-culture conditions in vitro

Cultures of purified embryonic dissociated dor-
sal root ganglion (DRG) neurons were estab-
lished as described previously. The DRG bodies 
were dissected from new born mice and then 
dissociated with 0.25% trypsin at 37°C for 30 
min. The cell suspensions were plated onto the 
GFP positive or negative SCs single cell layer 
and the Laminin coated plastic culture plate 
respectively as the cell number 5 × 105/ml. The 
culture medium was removed and replaced for 
the serum free medium after 24 hours. After 
co-cultured for 10 days, the cultures were fixed 
by 4% paraformaldehyde for 30 minutes using 
immunofluorescence staining to assay axonal 
growth.

SCI model

An SCI model was established using the mo- 
dified weight-drop method as previously de- 
scribed (Yacoub et al. 2014). In brief, mice were 
intraperitoneal anesthesia by 10% chloral hy- 
drate (5 ml/kg weight) and in a prone position. 
Under the operating microscope, the T8 spi-
nous process was central, and the dorsal side 
of the spinal cord was opened to cut the dura 
mater, making the transection of spinal cord. 
Sham animals underwent surgery but did not 
receive injury.
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GFP negative SCs injection and sham opera- 
tion group were taken as control groups; each 
group has least 12 mice. All animals received 
subcutaneous injection of 5 mL 0.9% saline for 
hydration and were monitored for 24 h in hous-
ing with controlled temperature. Animals were 
returned to the campus animal housing facility 
under veterinarian-guided observation and 
care upon recovery. A laboratory animal techni-
cian assisted in animal care. All procedures 
and surgeries were approved under the Guide 
for the Care and Use of Laboratory Animals.

GFP-SC transplantation

Transplantation of GFP-SCs was slightly modi-
fied from previously published methods [5]. 
Four weeks after injury, GFP-SCs were harvest-
ed from culture flasks using 0.125% Trypsin/
EDTA, washed and suspended in DMEM with 
10% FBS for cell transplantation. In prepara-
tion for transplantation, injured and sham rats 
were anesthetized and the surgical site was 
reopened. Two groups of animals, GFP positive 
SCs and GFP negative SCs were designated for 
SC transplantation into the lesion cavity epi-
center. The spine was stabilized as described, 
and cell suspension (1 × 106 GFP-SCs in 5 μl 
DMEM medium) was stereotaxically injected 
into the lesion epicenter at a depth of 5 mm 
through a glass micropipette with an outer 
diameter of 50-70 μm and beveled sharpen- 
ed tip at a rate of ~1 μl/min. After injection,  
the pipette was left in place for 2 min to pre- 

PAGE gel, then transferred onto a PVDF mem-
brane (Millipore). The membrane was incubat-
ed overnight at 4°C with primary antibody 
Rabbit β-catenin or p-β-catenin (1:1,000; Be- 
yotime Institute of Biotechnology). Whenever 
appropriate, the unchanged expression of β- 
actin is shown as a control of equal cellular pro-
tein loading. Signals were detected by ECL sub-
strate (Bio Rad, USA) and quantified using 
image analysis system Image J software.

Statistical analysis

Analysis between two groups was assessed by 
Student’s t test and statistical significance 
between multiple groups was determined using 
a one-way ANOVA with post hoc analysis using 
the GraphPad Prism5 software (GraphPad, Inc., 
La Jolla, CA). All the experiments were repeated 
for at least three times. Data are presented as 
the mean and standard error of the mean 
(mean ± SD). Differences were termed statisti-
cally significant at P < 0.05. Differences were 
termed statistically significant at P < 0.05.

Results

Effects of lithium chloride on the growth activ-
ity of SCs 

Compared with the control group, there is no 
significant difference in different concentra-
tions of lithium chloride treatment after 24 h for 
the survival number of SCs. After 5 days, the 

Figure 1. Effects of different dose of lithium chloride (0.1 mM, 1 mM, 5 mM 
and 10 mM) on SCs viability. Cells were cultured with or without lithium chlo-
ride for 9 days. The number of SCs in each group was counted every day. 
Data are expressed as the mean ± standard error of the mean of three inde-
pendent experiments. Data are of at least three independent experiments. 
**, P < 0.01. 

vent cell leakage. Animals not 
receiving SC injection were 
surgically opened and the 
sham laminectomy or injury 
site exposed. Following sur-
gery, animals were allowed to 
recover under conditions de- 
scribed for the initial surgical 
procedures.

Western blot analysis

The western blot analysis was 
performed as described pre- 
viously [22]. Briefly, the pro-
teins were extracted from  
the harvested cells with rad- 
io immunoprecipitation assay 
(RIPA). A total of 20 µg pro-
teins were supplement and 
separated with 10% SDS-
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survival number of SCs in 1 mM and 5 mM  
concentrations of lithium chloride was signifi-
cantly increased compared to the control gro- 
up (P < 0.01). Moreover, 5 mM concentration of 
lithium chloride was tested for having the best 
effect, and the low concentration (0.1 mM) has 
no obvious effect, however, the high concentra-
tion of lithium chloride (10 mM) plays a signifi-
cant inhibitory effect on the survival of SCs, all 
the differences were statistically significant 
(Figure 1, P < 0.01).

5 mM lithium chloride induced proliferation 
activity of SCs 

As having the best effects on the growth, we 
applied 5 mM lithium chloride to assay the 
effects of the proliferation activity of SCs via 
BrdU staining. The results showed that the 
number of S100 and BrdU positive SCs was sig-
nificantly increased in lithium chloride treat-
ment group compared to the control group 
(Figure 2, P < 0.05).

Effects of SCs pretreatment with lithium chlo-
ride on the growth of DRG axons 

Immunofluorescence staining was used to de- 
tect the growth of DRG axons via the expres-
sion of neurofilament 200 (NF200). Results 
showed that the growth of neurons was sl- 
ow when directly inoculated on Laminin, and 
only a few small protrusions were observed 
after 2 days. The average of the total neurite 
length and the longest projections was signifi-
cantly increased in single neuron (Figure 3, P < 
0.05).

Effects of lithium chloride on Wnt/β-catenin 
signaling activation

Western blot was used to test the expression of 
β-catenin and p-β-catenin protein after the  
lithium chloride treatment in SCs. The result 
showed that lithium chloride could significan- 
tly increase the expression of β-catenin and 
decrease the expression of p-β-catenin, sug-

Figure 2. Detection of proliferation 
activity of SCs induced by 5 mM 
LiCl. Immunofluorescence double 
staining was showed the S100 (red, 
maker of SCs) and BrdU (green, 
maker of proliferated cells) staining 
(A-H). Nuclei were counterstained 
with Hoechst (blue) in all fluores-
cence microscopy images unless 
otherwise indicated. The BrdU rate = 
the S100, BrdU and Hoechst co-ex-
pressed cells/the Hoechst positive 
cells. (I) Quantitative data for the 
BrdU rate was pooled from at least 
three independent experiments. *, 
P < 0.05, vs. control group. **, P < 
0.01 vs. control group.
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gesting that Wnt/β-catenin signaling activation 
may play an important role in SCs survival and 
proliferation (Figure 4). 

Survival and migration of GFP-SCs in spinal 
cord injury area under continuous stimulation 
of lithium chloride

To assay the effect of SCs with lithium treat-
ment induced Wnt/β-catenin signaling activa-

tion in spinal cord injury, the GFP labeled-β- 
cantenin-tet-off lentiviral vector was constru- 
cted by using the system of lentivirus to in- 
fect the primary culture of SCs and then the  
cell suspension was transplanted into spin- 
al cord injured mice. The result was showed 
that there were a large number of transplanted 
SCs went through the lesion site and migrated 
long distances after 5 weeks transplantation 
(Figure 6).

Figure 3. Effects of lithium chloride pretreat-
ment on DRG axon growth. Axons of neu-
rons in control group (A), DRG/Laminin co-
cultured group (B) and DRG/SCs co-cultured 
with 5 mM LiCl (C) were visualized by stain-
ning with NF antibodies (red) in all images. 
(D) Quantitative data for the total neurite 
length and the longest neurite length was 
showed from at least three independent ex-
periments. **, P < 0.01, vs. control group 
for the total neurite length. ##, P < 0.01 vs. 
control group for the longest neurite length. 

Figure 4. Western blot analysis was showed that β-catenin expression was increased and β-catenin phosphoryla-
tion expression was decreased in LiCl-treated SCs compared with the control (A-C). Cells were treated with LiCl and 
collected for western blot analysis at 24 h post-stimulation. Increased β-catenin levels are likely due to reduced 
degradation of the β-catenin protein in response to LiCl treatment. **, P < 0.01, vs. control group.
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Effects of lithium chloride on proliferation of 
GFP-SCs after transplantation

Immunofluorescence staining found that the 
transplanted group without lithium chloride 
treatment (Figure 5D-F) was not detected cell 
proliferation, however, there was still a small 
amount of proliferation in the lithium chloride 
treatment group (Figure 5A-C) after 5 weeks 
transplantation.

mature central nervous system (CNS) are kn- 
own to have low regenerative ability [23]. The 
elegant studies demonstrated that the peri- 
pheral nerve milieu, mainly composed of SCs, 
was favorable for regeneration of injured CNS 
axons [24]. Since then, many therapeutic strat-
egies containing SCs, such as SCs transplanta-
tion or SCs isolated have been established  
[25, 26], which strongly suggest the important 
role of SCs for repair after SCI. The potential 

Figure 5. Proliferation of GFP-SCs after transplantation in vivo. Immunofluorescence double staining was showed 
the BrdU (red) and GFP-SCs (green) staining in the LiCl-treated group (A-C) and the control group (D-F). 

Figure 6. SCs transplantation promoted axonal growth within the lesion. Con-
siderable axonal growth immunolabeled by GFP (green) into the lesion site 
was found after transplantation for 5 weeks.

Effects of lithium chloride 
on remyelination after SCs 
transplantation

The transplanted SCs with li- 
thium chloride treatment co- 
uld support and guide the 
NF200 positive fibers and 
then to develop the re myelin-
ation at the junction of the 
lesion site area and the nor-
mal tissue (Figure 7).

Discussion

After spinal cord injury, axon- 
al regeneration is crucial for 
significant functional recov-
ery; however, neurons of the 
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benefits of SCs in the injured spinal cord are 
existent, for example, key limitations to SCs 
transplantation as a single therapy for SCI. 
About 80% of transplanted SCs die by necrosis 
and apoptosis by the end of the first week after 
transplantation [8, 27]. Although SCs can sup-
port considerable growth of propriospinal [9], 
reticulospinal [28], raphespinal [29] and axons 
of other origin, these fibers fail to exit the graft 
into caudal host tissue due to the scars that 
encapsulates the contusive lesion.

Lithium modulates several of cellular process-
es by means of interaction with diverse intra-
cellular signaling systems in a manner similar 
to ligands that activate tyrosine kinase and G 
protein-coupled receptors. The interaction of 
lithium with these signal pathways has provid-
ed a molecular basis for its widespread role in 
stem cell lineage specification [30], prolifera-
tion [31], and differentiation in a variety of cell 
types [32, 33].

In the present study, we first applied different 
concentrations of lithium chloride to detect  
the effects on the growth activity of SCs in vitro 
and found that 5 mM concentration of lithium 
chloride having the best effect; then immuno-
fluorescence staining results showed that lithi-
um chloride treatment SCs could make a ben-
efit on the growth of DRG axons. Moreover, 
western blot showed that the expression of 
β-catenin protein in SCs treatment with lithium 
chloride group was increased but p-β-catenin 
expression was decreased significantly com-
pared to the control group, suggesting that 
Wnt/β-catenin signaling was activated by lithi-
um chloride, which could play a key role for the 
SCs survival. 

Wnts are a family of glycoproteins that partici-
pate in neural development, axonal guidance, 

cell proliferation, and neural cell survival [10, 
34]. Several studies suggested that the Wnt/β-
catenin signaling pathway is activated after SCI 
and promotes functional recovery [13, 14]. In 
this study, to determine whether the Wnt/β-
catenin signaling activation by lithium chloride 
was necessary for SCs survival and neuropro-
tection, the GFP labeled -β-catenin-tet-off lenti-
viral vector was constructed by using the sys-
tem of lentivirus to infect the primary culture of 
SCs and then the cell suspension was trans-
planted into spinal cord injured mice. The 
results showed that the transplanted group 
without lithium chloride treatment was not 
detected cell proliferation; however, there was 
still a small amount of proliferation in the lithi-
um chloride treatment group after 5 weeks 
transplantation. In addition, transplanted SCs 
with lithium chloride treatment group could 
support and guide the NF positive fibers and 
then to develop the re myelination at the junc-
tion of the lesion site area and the normal tis-
sue, indicating that Wnt/β-catenin signaling 
activation induced by lithium chloride may have 
a critic role for SCs survival and neuroprotec-
tion after SCI.

In conclusion, our findings indicate that lithium 
chloride could make a benefit on the survival of 
SCs and the growth of DRG axons; Wnt/β-catenin 
signaling was activated by lithium chloride, 
which thus contributing to the survival of SCs 
and neuroprotection after SCI. Our study pro-
vides a theoretical basis and new insights into 
the treatment of SCI.
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