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Endogenous neural stem cells in central canal of adult 
rats acquired limited ability to differentiate into  
neurons following mild spinal cord injury 
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Abstract: Endogenous neural stem cells in central canal of adult mammalian spinal cord exhibit stem cell proper-
ties following injury. In the present study, the endogenous neural stem cells were labeled with Dil to track the dif-
ferentiation of cells after mild spinal cord injury (SCI). Compared with 1 and 14 days post mild injury, the number of 
endogenous neural stem cells significantly increased at the injured site of spinal cord on 3 and 7 days post-injury. 
Dil-labeled βIII-tublin and GFAP expressing cells could be detected on 7 days post-injury, which indicated that the en-
dogenous neural stem cells in central canal of spinal cord differentiated into different type of neural cells, but there 
were more differentiated astrocytes than the neurons after injury. Furthermore, after injury the expression of inhibi-
tory Notch1 and Hes1 mRNA began to increase at 6 hours and was evident at 12 and 24 hours, which maintained 
high levels up to 7 days post-injury. These results indicated that a mild SCI in rat is sufficient to induce endogenous 
neural stem cells proliferation and differentiation. However, the ability to differentiate into neurons is limited, which 
may be, at least in part, due to high expression of inhibitory Notch1 and Hes1 genes after injury.
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Introduction

Spinal cord injury (SCI) usually leads to lose 
functions distal to the injured lesion due to axo-
nal damage, demyelination and loss of neurons 
[1, 2]. Currently, the majority of developing 
treatments for SCI focus on the use of stem 
cells to regenerate injured different phenotype 
of neural cells. Neural stem cells (NSCs) are 
multi-potent cells that can give rise to neurons, 
oligodendrocytes and astrocytes. However, the 
exogenous NSCs involve many challenges such 
as the source of NSCs, oncogenicity and the 
integration of transplanted NSCs with the host 
[3-5].

It was reported that ependymal stem cells 
(EpSCs) in central canal of spinal cord are 
endogenous neural stem cells (NSCs) found in 
the adult tissue [6, 7]. Proliferation of ependy-
mal stem cells is common during embryonic 
and early postnatal periods of development in 
most species, but they turnover declines signifi-
cantly after birth [8, 9]. During this period, 

series of genes regulating the proliferation and 
differentiation of NSCs changed accordingly. 
Therefore activating endogenous NSCs through 
regulating special genes in adult spinal cord to 
repair the injury might be a promising way to 
treat SCI.

However, whether the endogenous NSCs can 
proliferate or differentiate into special neural 
cell phenotype after mild SCI and the changes 
of different genes expression are not clear yet. 
In the present study, the endogenous NSCs in 
central canal of spinal cord were labeled and 
the proliferation, differentiation and expression 
of related genes after injury were examined.

Materials and methods

Animals

Forty adult female Wistar rats weighing 220-
250 g were applied in the study. All animal 
experiments were approved by the Third Military 
Medical University Committee on Ethics for the 
Care and Use of Laboratory Animals. 
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Labeling of ependymal cells of spinal cord

To label the endogenous NSCs of adult rat spi-
nal cord, the rats were anesthetization with 
sodium pentobarbital (40 mg/kg, i.p) and 10 ul 
of a 0.2% (w/v) solution of 1,1-dioctadecyl-
6,6-di(4-sulfophenyl)-3,3,3,3-tetramethylindo-
carbocyanine (Dil, Sigma, USA) in dimethylsulf-
oxide was stereotactically injected into the right 
lateral ventricle 24 h prior to injury through a 
burr hole. The injecting location was 0.9 mm 
posterior and 2.5 mm lateral to bregma and 
3.5 mm below the dura mater.

Mild spinal cord injury model

Twenty-four hours after Dil injection, the rats 
were re-anesthetized as described above. A 
2-cm longitudinal skin incision was centered 
over the T10 spinous process along the mid-
line. Para-spinal muscles and ligaments were 
laterally dissected and retracted, then followed 
by removal of bony elements of the posterior 
spine using a microrongeur. Without disrupting 
the dura mater, the tenth thoracic (T10) spinal 
segment was exposed by removing the dorsal 
part of the vertebra. The exposed spinal cord 
was next impacted by a 10 g weight dropped 
from a height of 10 mm. The impacted injury 
was induced by the weight-drop device present-
ed by Wise Young (Hong Kong University). This 
type of injury leads to a mild lesion in the spinal 
cord. After injury, the muscles were sutured in 
layers and the skin was closed. The rats were 
returned to their cages with water and food.

Pathological staining and immunohistochemi-
cal examination of injured spinal cord tissues

Twenty rats were killed on 1, 3, 7, 14 days after 
mild injury. The experimental rats were deeply 
anesthetized with i.p. injection of sodium pen-
tobarbital (40 mg/kg) and perfused with 4% 
paraformaldehyde in 0.1 M phosphate-buff-
ered saline (PBS). A segment of spinal cord tis-
sue encompassing the injured site was fixed in 
4% paraformaldehyde for at least 6 hours and 
then embedded in paraffin. After that the tis-
sues were cut transversely into 5 um serial sec-
tions to stain with hematoxylin and eosin (HE) 
for general morphology examination. 

For examining the Dil staining, tissues were 
cryoprotected through 30% sucrose in 0.1 M 
PBS for at least 24 h and a segment of the spi-

nal cord 1.0 cm in length encompassing the 
injured site was removed and cryosectioned 
transversely into 20 um serial sections. The Dil 
signal was detected immediately with laser 
confocal microscrope. 

For immunofluorescent staining, the following 
antibodies were applied on cryosectioned sec-
tions: rabbit anti-rat glial fibrillary acidic protein 
(GFAP; 1:400; Sigma, USA) detecting for astro-
cytes, mouse anti-rat βIII-tublin (1:800; Sigma, 
USA) for neurons. All staining procedures were 
performed in the dark. Sections were rehydrat-
ed in 0.1 M PBS and blocked with 10% (v/v) 
normal goat serum in 0.1 M PBS for 20 min. 
After that the sections were incubated with 
special primary antibodies overnight at 4°C 
and washed for 15 min. and then were incubat-
ed with fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse or goat anti-rabbit 
secondary antibodies (1:100; Chemicon, MA, 
USA) for 1 h at 37°C. At last the sections were 
counterstained with 300 nM of 4-6-diamidino-
2-phenylindole dihydrochloride (DAPI, Sigma-
Aldrich, USA) for 3 min. The positive signals 
were scanned with a Leica confocal microscope 
(SP-2, Leica, Germany). For negative controls, 
the sections were processed by the same 
immunofluorescent staining technique, but 
with omission of the primary antibodies. 
Immunohistochemical data shown in this man-
uscript are representative of three independent 
experiments from at least three animals in dif-
ferent time point.

Quantitative analysis of endogenous NSCs pro-
liferation after SCI

The proliferation of endogenous NSCs in cen-
tral canal of spinal cord was observed by exam-
ining DAPI stained sections. The number of 
endogenous NSC with DAPI-labeled nuclei was 
calculated by Leica SP-2 confocal microscope. 
The average number of endogenous NSCs on 
different time points was determined in five ani-
mals of each group. All the data were collected 
and evaluated blindly.

Semi-quantitative RT-PCR assay 

For spinal tissue preparation, rats were sacri-
ficed under anesthesia with sodium pentobar-
bital (45 mg/kg) at 6, 12, 24, 72 hours and 7 
days after injury. A segment of 0.8 cm spinal 
cord in length encompassing the injury site was 
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removed and immediately frozen in liquid nitro-
gen. Total RNA of the tissues was extracted 
using Trizol (Roche) at different time points 
after injury. RNA concentration and purity were 
determined by measuring the absorbance at 
260 and 280 nm in a microtiter plate reader 
(Thermo, USA). RT was performed in a 20 µl 
reaction containing RNA 4 µl, OligodT (Takara) 1 
µl, DEPC water 4 µl, at 65°C for 10 min and on 
ice for 5 min; moreover, added RNAase inhibi-
tor 0.5 µl, 5× buffer 4 µl, 10 mM dNTP 2 µl, AMV 
(Takara) 1.5 µl and DEPC water 3 µl, at 42°C for 
90 min in PCR machine. The 25 µl PCR reaction 
additionally contained the following compo-
nents: 1× SYBR Green buffer, 50 pM of each 
primer, 0.2 mM dNTP mixture, and 2.5 U Tag 
plus DNA polymerase (Takara). The PCRs were 
conducted in a programmable thermocycler 
using an initial denaturing temperature of 94°C 
for 2 min, 35 cycles of 94°C for 1 min, 55°C for 
1 min, 72°C for 1 min. The sequence of primers 
was as follows [10]:

Hes1: Forward primer: 5’-CTACCCCAGCCAGTG- 
TCAAC-3’; Reverse primer: 5’-AAGCGGGTCACCT- 
CGTTCAT-3’, 315 bp; Notch1: Forward primer: 
5’-CTCACGCTGATGTCAATGCT-3’; Reverse pri- 
mer: 5’-GTGGGAGACAGAGTGGGTGT-3’, 364 bp; 
GAPDH: Forward primer: 5’-ACCACAGTCCATGCC- 

ATCAC-3’; Reverse primer: 5’-TCCACCACCCTG- 
RRGCTGTA-3’, 452 bp.

Statistical analysis

The data were analyzed with Origin75 software 
and presented as mean ± S.D. Statistical differ-
ences between groups were evaluated with one 
way analysis of variance. P value <0.05 was 
considered statistically significant.

Results

Pathological changes of injured spinal cord tis-
sue and Dil labeled endogenous NSCs located 
in central canal after mild SCI

The mild SCI model was built by Allen’s weight-
drop equipment. It was indicated that one day 
post-injury, the hemorrhagic focus could be 
found in the dorsal side of spinal cord, but the 
central canal of spinal cord was intact (Figure 
1B). Three days after injury, the inflammatory 
cells were accumulated in injured lesion and 
the astrocytes around the lesion became 
active, which exhibited characteristic respons-
es to trauma, such as the number of which 
increased and the body and dendrite of astrco-
cytes become thick and wide (Figure 1C). Seven 
days after injury, the cavity was formed in the 

Figure 1. HE staining of mild spinal cord injury at different time post-injury and Dil labeling the endogenous neural 
stem cells in ependymal regions 24 after injection. A. The histological morphology of normal spinal cord with HE 
staining. B. The histological changes of spinal cord tissue at 1d post-injury with HE staining. C. The histological 
changes of spinal cord tissue at 3d post-injury. D. The histological changes of spinal cord tissue at 7d post-injury. E. 
Dil labeling the lining ependymal cells of ventricular. F. Dil labeling the lining ependymal cells of the fourth ventricle. 
G. Dil labeling the cells of central canal of spinal cord at T10 level. Scar bars = 100 um in A-D, E and F = 40 um.
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injured lesion and astrocytes surrounding the 
cavity formed glial scars (Figure 1D).

Dil injected into the lateral ventricle was carried 
in the cerebrospinal fluid (CSF).The lining cells 
located in ventricular region of the lateral ven-
tricles (Figure 1E), fourth ventricle (Figure 1F) 
were positively stained. After 24 hours, Dil 
through intra-ventricular injection labeled the 
endogenous NSCs lining the central canal of 
the spinal cord, as shown in Figure 1G. In vivo, 
the membranous labeling initially observed 
with Dil is largely replaced by a granular cyto-
plasmic labeling as the tracer becomes inter-
nalized by endocytosis. 

Endogenous NSCs located in central canal ap-
peared proliferation in response to mild SCI

The proliferative activity of endogenous NSCs 
of spinal cord after injury was examined via 
DAPI staining as shown in Figure 2, which dem-
onstrated that a monolayer endogenous NSCs 
were lining the central canals 1 day after injury 
(Figure 2A). However, the endogenous NSCs 

exhibited remarkable proliferating ability 3 days 
post injury, which maintained to 7 days (Figure 
2B and 2C). 14 days after injury, the number of 
endogenous NSCs lining the central canals 
again restored a monolayer condition (Figure 
2D). As indicated in the bar graph of Figure 2, 
the number of proliferated endogenous NSCs 
on 3 and 7d post-injury was more than those on 
1d and 14d after injury, which had significant 
difference in statistics. 

Endogenous NSCs in central canal of spinal 
cord differentiated into neurons and astrocytes 
after mild SCI

Interestingly, on 3 days post mild injury, clus-
ters of Dil-labeled endogenous NSCs surround-
ing the region of the central canal were appar-
ent at the level of the injury site (Figure 3A), 
indicating that a part of endogenous NSCs were 
migrating from the region of central canal. 
Antibodies against GFAP and βIII-tublin were 
used to identify astrocyte and neuron differen-
tiated from Dil-labeled endogenous NSCs 
respectively. It was indicated that these neural 

Figure 2. Proliferation of endogenous neural stem cells in central canal of T10 level after injury. A. DAPI labeling 
endogenous neural stem cells of spinal cord 1d after injury. B. DAPI labeling endogenous neural stem cells of spinal 
cord 3d after injury. C. DAPI labeling endogenous neural stem cells of spinal cord 7d after injury. D. DAPI labeling en-
dogenous neural stem cells of spinal cord 14d after injury. *P<0.05 indicated statistical significance compared with 
1d post-injury. #P<0.05 indicated statistical significance compared with 3d post-injury. &P<0.05 indicated statistical 
significance compared with 7d post-injury. Data represent mean ± SD of five independent samples in each group.
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cell markers are not expressed by endogenous 
NSCs lining the central canal in normal spinal 
cord. A few of Dil/βIII-tublin/DAPI- labeled cells 
were examined 7 days post-injury (as shown in 

Figure 3), which indicated that proliferated Dil-
labeled endogenous NSCs can differentiate 
into neurons after mild spinal cord injury, but 
the number is limited. At the same time, Dil/

Figure 3. Identification of differentiated endogenous neural stem cells 7 days post-injury. A. Immunohistochemical 
staining of differentiated neurons from Dil-labeled endogenous neural stem cells. Red: Dil-labeled endogenous 
neural stem cells; Green: βIII-tublilin labeled differentiated neurons from endogenous neural stem cells; Blue: DAPI 
labeled nuclei. B. Immunohistochemical staining of differentiated astrocytes from Dil-labeled endogenous neural 
stem cells. Red: Dil-labeled endogenous neural stem cells; Green: GFAP labeled differentiated astocytes from en-
dogenous neural stem cells; Blue: DAPI labeled neuclei.bar = 40 um.

Figure 4. Expression of related genes after mild spinal cord injury. A. Expression of Notch1 gene at different times 
post-injury. B. Expression of Hes1 gene at different time post-injury.*P<0.05 indicated statistical significance com-
pared with normal group. #P<0.05 indicated statistical significance compared with 6 h post-injury. $P<0.05 indicat-
ed statistical significance compared with 12 h post-injury. &P<0.05 indicated statistical significance compared with 
24 h post-injury. @P<0.05 indicated statistical significance compared with 72 h post-injury. Data represent mean ± 
SE of three independent experiments.
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GFAP/DAPI-labeled astrocytes were also 
detected post-injury. The differentiated astro-
cytes from Dil-labeled endogenous NSCs were 
apparent at 7 days following mild injury, which 
was more than those of differentiated neurons 
from Dil-labeled endogenous NSCs in spinal 
cord.

Hes1 and Notch1 mRNA increased after spinal 
cord injury

RT-PCR examination of injured lesions in spinal 
cord indicated that inhibitory Hes1 and Notch1 
mRNA began to increase at 6 hours, evident at 
12 and 24 hours post-injury, which maintained 
the high levels up to 7 days post injury. As illus-
trated in Figure 4, there was significant differ-
ence compared to normal spinal cord tissues. 

Discussion

Although important advances have been made 
in treatment of SCI recently, it is not possible to 
restore neuronal functions entirely after SCI. In 
rodents and primates, SCI causes irreversible 
loss of function distal to the lesion as a result of 
axonal damage, demyelination and death of 
neural cells such as neurons, oligodendrocytes 
and astrocytes [2, 3, 11]. Replacing the lost 
cells and integrating newly transplanted or gen-
erated cells into the injured spinal cord lesions 
are key aims in designing potential therapies 
for patients that suffered from SCI. Because of 
the characteristics of self-renew and multiple 
differentiations potential, NSCs were regarded 
as a hopeful cell to enhance neuroprotection, 
stimulate neuro-plasticity, and repair neuronal 
loss in models of neural degenerative diseases 
or trauma, including SCI [9, 10, 19, 20]. 
However, currently at least two major barriers 
need to be overcome before NSC grafts can be 
effectively used to treat CNS trauma: (1) the 
source of NSCs (2) the formation of glioma [9, 
10, 20]. Therefore, activation the endogenous 
NSC in vivo of adult to repair the central ner-
vous system injury will attract more and more 
attention of researchers.

Ependymal cells are remnants of the primitive 
neuro-epithelium from which NSCs were origi-
nated during development. In adult mammals, 
the ependymal cells in central canal exhibited 
remarkably limited proliferative activity in the 
normal spinal cord [8, 12]. Moreover, the prolif-
eration of ependymal cells in response to SCI 
has been reported. Subsequently, it was sug-

gested that ependymal cells exhibit stem cell 
properties following injury, which were regard 
as endogenous NSCs remaining in adult spinal 
cord in mammals [13, 14].

In order to track the endogenous NSCs and 
their progeny after SCI, the cell layer lining the 
central canal of spinal cord should be labeled 
with certain tracer. Dil is a lipophilic tracer that 
is incorporated irreversibly into the outer leaf-
lets of the plasma membrane and diffuses lat-
erally along the membrane [15]. In this experi-
ment, Dil was injected into the lateral ventricle 
resulting in labeling of the ependymal cell layer 
specially. The lining of the central canal of spi-
nal cord is composed primarily of endogenous 
NSCs, so we could track the migration of these 
cells and their progeny after SCI. At the same 
time the cells of Choroid plexus in the lateral 
ventricles could also have been labeled by Dil 
in the CSF.

In the present study, a mild SCI model with 
preservation of the integrity of central canal 
was established and which allowed us to exam-
ine the response of endogenous NSCs lining 
the central canal post-injury in greater detail. 
The proliferative activity of endogenous NSCs 
was assessed by comparing the DAPI labeling 
cells in central canal of injured spinal cord at 
different time after injury. It was indicated that 
the NSCs in central canal exhibited an active 
response after a mild weight-drop injury of spi-
nal cord, where endogenous NSCs proliferated 
significantly 3 and 7 days post injury compared 
with 1d and 14d after injury. Furthermore, the 
proliferated endogenous NSCs could migrated 
from the central canal and differentiate into 
neurons through Dil/βIII-tublin immunocyto-
chemical staining, but the number is fewer. 
However, Dil/GFAP positive cells were more 
than those of Dil/βIII-tublin positive cells after 
mild SCI, which indicated that the endogenous 
NSCs located in central canal had the tendency 
to differentiate into astrcoytes rather than neu-
rons after spinal injury. But according to the 
immunohistochemical results, it was found that 
although the labeled endogenous NSCs migrat-
ed from the central canal, but they could arrive 
in white matter. In a minimal spinal cord injury 
model by Mothe et al [15], the proliferated 
ependymal cells can not differentiate into neu-
rons and astrocytes, it may be that the injured 
degree is too minimal to evoke the repairing 
action of endogenous NSCs.
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Previous studies have suggested that the 
behavior of NSCs was regulated by both intrin-
sic characteristics and extrinsic signals origi-
nating from the surrounding environment. It 
has been indicated that Notch, bHLH, Wnt and 
BMP signaling pathways were all involved in the 
regulation of NSCs whether in vitro or in vivo 
[16, 17]. Among which Notch and bHLH genes 
determined the proliferation and differentiating 
directions of NSC respectively, while Wnt and 
BMP genes determine the subtype of neurons. 
Among inhibitory bHLH genes, such as Hes and 
Hiary, may induce NSCs differentiating into 
astrocytes, but active bHLH genes, such as 
Ngn and Olig genes, may induce NSCs differen-
tiating into neurons. For example, transfected 
with Ngn2 and oligo2 had been shown to pro-
mote NSCs differentiating into motor neurons 
and oligodendrocytes respectively [18, 19]. In 
this experiment, it was observed that the 
expression of Notch1 and Hes1 increased sig-
nificantly after SCI and lasted to 7 days post-
injury, which was of significant difference com-
pared with the normal control by RT-PCR exami-
nation. It was reported that high expression of 
Notch1 may inhibited the differentiation of 
NSCS and Hes1 may promote NSCs differenti-
ating into astrocytes. So the limited ability of 
endogenous NSCs differentiating into neurons 
may be due to the high expression of inhibitory 
Notch1 and Hes1 genes after mild spinal cord 
injury. 

The intrinsic potential of endogenous NSCs to 
replace some of the cells in the spinal cord fol-
lowing injury opens up the opportunity for 
developing non-invasive therapies for patients 
with SCI [20, 21]. It would be interesting to 
examine the function of proliferation-related 
genes to increase the proliferative capacity of 
endogenous NSCs and also to examine regula-
tion-specific genes to evoke endogenous NSCs 
differentiating into specific neural cell types for 
endogenous repair after SCI [22, 23]. 
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